
Acc. No 2Q.kQ7 

ISSUE LABEL 

Not latw tliaii the latest date stamiMMl below. 



STEAM POWER PLANT 
ENGINEERING ' 

i 


BY 

G. F. GEBHARDT 

FBOFEftflOB BMERITUS OF MECHANICAL ENOTNEERING 
ILLINOIS INSTITUTE OF TECHNOLOGY 


SIXTH EDITION 


NEW YORK 

JOHN WILEY & SONS, Inc. 
Ix)ndon: chapman & HALL, Limited 




IN THB REPRINTING OF THIS BOOK, THE RECOMMEN- 
DATIONS OF THE WAR PRODUCTION BOARD HAVE 
BERN OBSERVED FOR THB CONSERVATION OF PAPER 
AND OTHER IMPORTANT WAR MATERIALS. THB 
CONTENT REMAINS COMPLETE AND UNABRIDGED* 


Copyright, 1908 , 1910 , 1913 , 1917 , 1926 , 1928 

BY 

G. F. GEBHARDT 
1917 COPYRIGHT Renewed 1944 


Printed in U. S. A. 


6-45 


PREFACE TO THE SIXTH EDITION 


A thorough revision of this work has been made to bring it into accord 
with more recent practice. Advantage is taken of this opportunity to 
make changes in matter and in arrangement, which it is believed will make 
it more useful as a text book. While the subject matter has been consid- 
erably increased and many new illustrations have been added, the size of 
the volume has been slightly decreased through the use of narrower page 
margins and a reduction in the size of the simpler cuts. As in the previous 
editions, no attempt is made to treat of other than American practice. 

G. F. GEBHARDT. 


Chicago, III., 
Jan, 2 , 1925 . 


PREFACE TO THE 1928 REVISION 

While the present form of the work does not represent a complete re- 
writing, still a rather thorough revision has been carried out, particularly 
where the text deals with those phases of the art which have recently 
passed through a period of rapid change and growth. In this form it is 
believed that the work is fairly representative of current American practice. 

Chicago, III., 

Jan, 25 , 1928 . 


iii 




CONTENTS 


CHAPTER PAGE 

I. Elementary Steam Power Plants 1-24 

II. Fuels 26-67 

III. Combustion op Fuels 68-113 

IV. Steam Boilers. 114^181 

V. Superheaters 182-206 

,VI. Boiler Settings, Furnaces, Stokers and Fuel Burning 

Appliances 206-260 

^ VII. Fuel and Ash Conveying Systems 261-296 

VIII. Chimneys 297-341 

IX. Mechanical Draft 341-372 

373-428 

Steam Turbines. . . . .429<«600 

XII. Condensers . . 601-668 

XIII. Feedwater Treatment, Heaters, Evaporators 659-626 

XIV. Pumps 627-686 

XV. Separators, Traps, and Drains 687-706 

* 

XVI. Piping anix Pipe Fittings 706-779 

XVII. Lubricants and Lubrication 780-811 

XVIII. Testing and Measuring Apparatus 812-867 

XIX. Finance and Economics — Cost op Power 860-913 

XX. Typical Specifications 914-935 

XXI. Supplementary — Properties op Saturated and Super- 
heated Steam 936-963 

XXII. Supplementary — Elementary Thermodynamics — Change 

OP State 964-965 

XXIII. Supplementary — Elementary Thermodynamics op the 

Steam Engine 966-991 

XXIV. Properties op Air — Dry, Saturated, and Partially 

Saturated 992-1008 


APPENDICES A-C 

Appendix A. Equivalent Values of Electrical and Mechanical 


Units •. 1009 

Appendix B. Miscellaneous Conversion Factors 1010 

Appendix C. References to Detailed Descriptions op Modern Cen- 
tral AND Isolated Stations 1011-1012 


V 




STEAM POWER PLANT 
ENGINEERING 


CHAPTER I 

ELEMENTARY STEAM POWER PLANTS 

1. General. — By far the greater part of the mechanical and electrical 
energy generated for industrial purposes is furnished by the steam power 
plant. Despite the rapid progress of the internal combustion engine 
and the intensive development of water power, the steam power plant 
still leads the field in output and will probably continue to do so for years 
to come. 

The primary object of a power plant is to furnish energy in the desired 
form, at the point of utilization, at the lowest ultimate cost. The hydro- 
electric plant requires no fuel in the accepted sense of the term, and the 
Diesel engine requires less fuel than any other type of prime mover for a 
given output, so that at first glance it would appear that either of these 
two would supersede the steam plant, with its extravagant waste of fuel; 
but the cost of fuel is only one of the many items of expense entering 
into the ultimate cost of power. Besides, with few exceptions, our large 
water falls are remote from industrial centers, and the Diesel engine is 
practically restricted to the use of liquid fuel. Furthermore, the first 
cost of the hydro-electric plant is usually far above that of a steam-electric 
plant of equivalent capacity and standby steam plants are usually neces- 
sary to insure the supply of energy in case of a water shortage. The 
modem steam-turbine plant is comparatively low in first cost; enormous 
capacities may be generated in a small space; labor and attendance may 
be reduced to a minimum; and the plant may be located near the point 
of power utilization. The low heat efficiency factor of the steam-turbine 
may be more than offset by these advantages. However, each type of 
prime mover has a field in which it is superior to the others; but all the 
factors entering into the problem must be fully considered before an 
intelligent choice can be made. 

Steam-electric stations have been roughly classified as: 

1 
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1. Central Stations, which may be initially or successively a Total 
Load, Base Load, Peak Load, or Standby Station. 

2. Combination Steam and Hydroelectric. 

3. Combination Steam Electric and Steam Heating. 

4. Industrial Boilers and Power Plants. 

5. Isolated Stations. 

All of these terms, with the possible exception of base load ” and ‘‘ iso- 
lated ” are self explanatory, and require no detailed definition. Base 
load and, for that matter, peak load and standby ” stations are 
units of an interconnected system and are for the purpose of carrying the 
base or steady load, peak load, or emergency load of the system, respec- 
tively. A plant designed to furnish heat and power to a single building is 
an isolated station though this term is frequently applied to plants serv- 
ing a group of buildings under private ownership. When the distances are 
very great, electrical current of high tension is employed, and is transformed, 
converted, and distributed at convenient points, through sub-stations. 

Steam power plants are also classified as condensing and non-con- 
densing, according to the disposition of the exhaust steam. If the ex- 
haust is condensed for the purpose of reducing the back pressure, the 
plant is said to be operating condensing. If the exhaust is discharged 
at or near atmospheric pressure, the plant is said to be operating non- 
condensing, even if the vapor is ultimately condensed in a feedwater 
heater or in the coils of a heating system. When the exhaust steam may 
be used for process work, heating, or other useful purposes, as is fre- 
quently the case in various manufacturing establishments and in certain 
classes of office buildings, hotels, and the like, it is usually more economical 
to run non-condensing; but where power alone is desired or where only a 
small part of the exhaust can be utilized, the plant is generally operated 
condensing. Under certain conditions where varying^quantities of exhaust 
steam are necessary for heating or other purposes, and at the same time 
considerable power is to be generated, the plant is operated condensing 
but means are provided for extracting a part of the steam from the engine 
or turbine in its passage to the condenser. 

2. Elementary Non-condensing Plant. — Figure 1 gives a diagrammatic 
outline of the essential elements of the simplest form of steam power 
plant. The equipment is complete in every respect and embodies all the 
accessories necessary for successful operation. Where a small amount 
of power is desired at intermittent periods, as in hoisting systems, 
threshing outfits, and traction machinery, the arrangement is substan- 
tially as illustrated. The output in these cases seldom exceeds 50 hp., 
and the time of operation is usually short; therefore the cheapest of ap- 
pliances are installed, simplicity and low first cost being more important 
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than economy of fuel. Such a plant has three essential elements: (1) the 
furnace, (2) the boiler, and (3) the engine. Fuel is fed into the fumacCi 
where it is burned. A portion of the heat liberated from the fuel by 
combustion is absorbed by the water in the boiler, converting it into 
steam under pressure. The steam, being admitted to the cylinder of the 
engine, does work upon the piston and is then exhausted through a suit- 



able pipe to the atmosphere. The process is a continuous one, fuel and 
water being fed into the furnace and the boiler in proportion to the power 
demanded. • ^ 

In such an elementary plant, certain accessories are necessary for 
successful operation. The grate for supporting the fuel during combustion 
consists of a cast-iron grid or of a number of cast-iron bars spaced in such 
a manner. as to permit the passage of air through the fuel from below. 
The solid waste products fall through or are ** sliced through the grate 
bars into the ashpit, from which they may be removed through the ash 
door. The latter acts also as a means of regulating the supply of air 
below the grate. Fuel is fed into the furnace through the fire door, and 
when occasion demands, air may be supplied above the bed of fuel by 
means of this door. The combustion chamber is the space between the 
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bed of fuel and the boiler heating surface, its office being to afford a space 
for the oxidation of the combustible gases from the solid fuel before they 
are cooled below ignition temperature by the comparatively cool surfaces 
of the boiler. The chimney, or stack, discharges the products of com- 
bustion into the atmosphere and serves to create the draft necessary to 
draw the air through the bed of fuel. Various forced-draft appliances 
are sometimes used to assist or to entirely replace the chimney. The 
heating surface is that portion of the boiler area which comes into con- 
tact with the hot furnace gases, absorbs the heat, and transmits it to the 
water. In the small plant illustrated in Fig. 1, the major portion of the 
heating surface is composed of a number of fire tubes below the water 
line, through which the heated gases pass. The superheating surface 
is that portion of the heating surface which is in contact with the heated 
gases of combustion on one side and steam on the other. The volume 
above the water level is called the steam space. Water is forced into the 
boilers either by a feed pump or an injector. In small plants of the type 
considered, steam pumps are seldom employed; the injector answers 
the purpose and is considerably cheaper. A safety valve connected to 
the steam space of the boiler automatically permits steam to escape to 
the atmosphere if an excessive pressure is reached. The water level is 
indicated by try cocks or by a gage glass, the top of which is connected 
with the steam space and the bottom with the water space. Try cocks 
are small valves placed in the water column or boiler shell, one at normal 
water level, one above it, and one below. By opening the valves from 
time to time, the water level is approximately ascertained. They are 
ordinarily used in case of accident to the gage glass. Fusible plugs are 
frequently inserted in the boiler shell at the lowest permissible water 
level. They are composed of an alloy which has a low fusing point and 
therefore melts when in contact with steam, thus giving warning by the 
blast of the escaping steam if the water level gets dangerously low. The 
blow off cock is a valve fitted to the lowest part of the boiler, to drain it of 
water or to discharge the sediment which deposits in the bottom. The 
steam outlet of a boiler is usually called the steam nozzle. 

The essential accessories of the simple steam engine include: a throttle 
valve for controlling the supply of steam to the engine; the governor, 
which regulates the speed of the engine by governing the steam supply; 
the lubricator, which is usually of the sight-feed ” class, is attached to 
the steam pipe, and provides for lubrication of piston and valve. Lubri- 
cation of the various bearings is effected by oil cups suitably located. 
Drips are placed wherever a water pocket is apt to form, in order that 
the condensation may be drained. The apparatus to be driven by the 
engine may be direct connected to the crank shaft or belted to the fly- 
wheel or geared. 
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In small plants of this type^ no attempt is made to utilize the exhaust 
steam, except in instances where the stack is too short to create the neces- 
sary draft, in which case the exhaust may be discharged up the stack. 
If the draft is produced by convection of the heated gases in the chimney, 
the fuel is said to be burned under natural draft; if the natural draft is 
assisted by the exhaust steam, the fuel is said to be burned under mechan- 
ical draft. The power realized from a given weight of fuel is very low 
and seldom exceeds 2^ per cent of the heat value of the fuel. The dis- 
tribution of the various losses in a plant of, say, 40 hp. is approximately 


as follows: 

B.t.u. 

Heat value of 1 lb. of coal 11,000 

Boiler and furnace losses, 50 per cent 5,500 

Heat equivalent of 1 hp.-hr 2,547 

Heat used to develop 1 hp.-hr. (50 lb. steam per hp.-hr., pressure 80 lb. 
gage, feedwater 67 deg. fahr 57,500 


Percentage of heat of the steam realized as work. 


2,547 

57,500 


Percentage of heat value of the coal realized as work. 


2,547 

57,500 0.50 


Percent 

4.4 


2,2 


In Europe, small non-condensing plants arc developed to a high degree 
of efficiency. Through the use of highly superheated steam and specially 
designed engines and boilers, plants of this type as small as 40 hp. are 
operated with overall efficiencies of from 10 to 12 per cent, and a 120-hp. 
unit has been credited with an efficiency of 15 per cent. 

The power plant of the modem locomotive is very much like that 
illustrated in Fig. 1, the main difference lying in the type of boiler and 
engine. The entire exhaust from the engine is discharged up the stack 
f'hrough a suitable nozzle, since the extreme rate of combustion requires 
an intense draft. The engine is a highly efficient one compared with 
that in the illustration, and the performance of the boiler is more eco- 
nomical. In average locomotive practice, about 5 per cent of the heat 
value of the fuel is converted into mechanical energy at the draw bar.^ 
In general, a non-condensing steam plant in which the heat of the ex- 
haust is wasted is very uneconomical of fuel, even under the most favor- 
able conditions, and seldom transforms as much as 7 per cent of the heat 
value of the fuel into mechanical energy. 

Steam turbines are not much in evidence in small non-condensing 
plants, because their use results in no particular saving in first cost, at- 
tendance, maintenance, or space requirements, and the steam consumption 
per unit output is higher. 

^ Best modem practice gives about 8 per cent as a maximum. 
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3. Noii'condenslng Plant — Eibaust Steam Heating. — Figure 2 gives 
a diagrammatic arrangement of a simple non-condensing plant, differing 
from Fig. 1 in that the exhaust is used for heating purposes. This shows 



the essential elements and accessories but omits a number of smaU valves, 
by-passes, drains, and the like, for the sake of simplicity. The plant is 
assumed to be of sufficient size to warrant the installation of efficient 
appliances. Steam is led from the boiler to Uie engine by the steam 
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main. The moisture, if any, is removed from the steam before it enters 
the cylinder by a steam separator. The moisture drained from the 
separator is either discharged to waste or returned to the boiler. The 
exhaust steam from the engine is discharged into the exhaust main, where 
it mingles with the steam exhausted from the steam pumps. Since the 
exhaust from engines and pumps contains a large portion of the cylinder 
oil that has been introduced into the live steam for lubricating purposes, 
it passes through an oil separator before euteiing the heating system. 
After leaving the oil separator, the exhaust steam is diverted into two 
paths, part of it entering the feedwater heater where it condenses and gives 
up heat to the feedwater, and the remainder flowing to the heating system. 
During warm weather the engine generally exhausts more steam than is 
necessary for heating purposes, in which case the surplus steam is auto- 
matically discharged to the exhaust head through the back-pressure 
valve. The back-pressure valve is virtually a large, weighted check 
valve which remains closed when the pressure in the heating system is 
below a certain prescribed amount, but which opens automatically when 
the pressure is greater than this amount. During cold weather it often 
happens that the engine exhaust is not sufficient to supply the heating 
system, the radiators condensing the steam more rapidly than it can be 
supplied. In this case live steam from the boiler is automatically fed 
into the main heating supply pipe through the reducing valve. 

The condensed steam and the entrained air which is always present 
are automatically discharged from the radiators, by a thermostatic valve, 
into the returns header. The thermostatic valve is so constructed that 
when in contact with the comparatively cool water of condensation it re- 
mains open and when in contact with steam it closes. The vacuum 
pump, or vapor pump, exhausts the condensed steam and air from the 
returns header and discharges them to the returns tank. The small 
pipe, Sf admits cold water to the vacuum pump, and serves to condense 
the heated vapor and at the same time to supply the necessary makeup 
water to the system. The returns tank is open to the atmosphere, so 
that the air discharged from the vacuum pump may escape. From the 
returns tank the condensed steam gravitates to the feedwater heater 
where its temperature is raised to practically that of the exhaust steam. 
The feedwater gravitates to the feed pump and is forced into the boiler. 
There are several systems of exhaust steam heating in current practice. 
They dijffer considerably in details, but, in a broad sense, are similar to 
the one just described. The more important of these will be described 
later on. 

During the summer months when the heating system is shut down, the 
plant operates as a simple non-condensing station, and practically all of 
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the exhaust steam, amounting to perhaps 80 per cent of the heat value 
of the fuel, is wasted. The total coal consumption, therefore, is charged 
against the power developed. During the winter months, however, all, 
or nearly all, of the exhaust steam may be used for heating purposes, and 
the power becomes a relatively small percentage of the total fuel energy 
utilized. The percentage of heat value of the fuel chargeable to power 
depends upon the size of the plant, the number and charactei of engines 
and boilers, and the conditions of operation. It ranges anywhere from 
50 to 100 per cent for the summer months, and may run as low as 6 per 
cent for the winter months. This is on the assumption, of course, that 
the engine is debited only with the difference between the coal necessary 
to produce the heat entering the cylinder and that utilized in the heating 
system. 

Steam turbines are frequently installed in place of piston engines. The 
general arrangement of the plant is the same with either type of prime 
mover, except that no oil separator is necessary for the turbine plant. 

4. Elementary Condensing Plant. — Under ordinary favorable condi- 
tions, a non-condensing plant cannot be expected to realize more than 
7 per cent of the heat value of the fuel as power. In large condensing 
power stations, the demand for exhaust steam is usually limited to the 
heating of the feedwater, and as only 12 or 15 per cent can be utilized in 
this manner, the greater portion of the heat in the exhaust is lost. Non- 
condensing engines using saturated steam require from 20 to 60 lb. of 
steam per hour for each hp. developed. On the other hand, in condensing 
engines, the steam comsumption may be reduced to as low as 10 pounds 
per hp.-hr. The saving of fuel is at once apparent. 

Figure 3 gives a diagrammatic arrangement of a simple coal-burning, 
piston-engine condensing plant in which the back pressure on the engine 
is reduced by condensing the exhaust steam. A different type of boiler 
from that in Fig. 1 or Fig. 2 has been selected, for the purpose of bringing 
out a few of the characteristic elements. The products of combustion, 
instead of passing directly through fire tubes to the stack, as in Fig. 1, 
are deflected back and forth across a number of water tubes, by the 
bridgewall and a series of baffles. After imparting the greater part of 
their heat to the heating surface, the products of combustion escape to the 
chimney through the breeching, or flue. The rate of flow is regulated by 
a damper placed in the breeching, as indicated. 

The steam generated in the boiler is led to the engine through the 
main header. The steam is exhausted into a condenser, in which its 
latent heat is absorbed by injection or cooling water. The process con- 
denses the steam and creates a partial vacuum. The condensed steam, 
injection water, and the air which is invariably present are withdrawn 
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by an air pump and discharged to the hotwell. In case the vacuum 
should fail, as by stoppage of the air pump, the exhaust steam would be 
automatically discharged to the exhaust head by the atmospheric relief 
valve, and the engine would operate non-condensing. The atmospheric 
relief valve is a large check valve which is held closed by atmospheric 
pressure as long as there is a vacuum in the condenser. When the vacuum 
fails, the pressure of the exhaust becomes greater than that of the atmos- 
phere and the valve opens. 

The feedwater may be taken from the hotwell or from any other source 
of supply, and forced into the heater. In this particular case, it is taken 
from a cold supply, and upon entering the heater is heated by the exhaust 
steam from the air and feed pumps. From the heater it gravitates to the 
feed pump and is forced into the boiler. Various other combinations of 
heaters, pumps, and condensers are necessary in many cases, depending 
upon the conditions of operation. Feed pumps, air pumps, and in fact 
all small engines used in connection with a steam power plant arc usually 
called auxiliaries. 

A weU-designed station similar to the one illustrated in Fig. 3, when 
operating under favorable load conditions, is capable of converting about 
10 per cent of the heat value of the fuel into electrical energy. The 
heat distribution under average conditions is approximately as follows: 


BOILER LOSSES 

Loss due to fuel falling through the grate 

Loss due to incomplete combustion 

Loss to heat carried away in chimney gases . . 

Radiation and other losses 

Total 


Per Cent 
4 
2 
16 

30 


Heat used by engines and auxiliaries (16 lb. of steam per i.hp.-hr., 

pressure 150 lb. abs., feedwater 210 deg. fahr 

Engine and generator friction, 10 per cent 

Leakage, radiation, etc., 2 per cent 

Total 

Heat equivalent of one electrical hp.-hr 

Percentage of the heat value of the steam converted into elec- 
trical energy 

Percentage of heat value of fuel converted into electrical energy 
2647 X 0.7 

18,200 


B.t.u. 


16,250 
1,625 
325 
18,200 
2,547 B.t.u. 

14.0 (Approx.) 


9.8 


In Europe, comparatively small piston-engine plants, operating with 
initial pressure of 500 lb. per sq. in. absolute, initial temperatures of 800 
deg. fahr., and vacua of 1 in. absolute, have shown overall efficiencies, 
At the most economical load, of 20 per cent; and there are a number of 
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piston-engine central stations in the United States, operating with moderate 
pressures and superheat, which have realized overall efficiencies of 16 per 
cent for a short period of time; but, taking into consideration variation 
in load and all standby losses, efficiencies over 12 per cent are exceptional. 
These values refer only to the simple condensing plant without economizers, 
preheaters or heat-saving appliances other than the customary exhaust 
steam feedwater heaters. 

Figure 4 gives a diagrammatic arrangement of one section of a large 
bulk coal-burning turbo-alternator central station without equipment for 
reclaiming waste heat. Each section is, to all intents and purposes, an 
independent plant. It will be noted that the essential elements are 
practically the same as in the reciprocating station engine plant. Fig. 3, 
differing only in size and design. 

The power house, coal storage pile, storage and switch tracks, over- 
head bunkers, and coal and ash conveyors have been omitted for the sake 
of simplicity, though the fuel supply and distributing system is an im- 
portant factor in the design and operation of the plant. Assuming the 
coal bunkers over the boilers to be supplied with fuel, the operation is as 
follows: Coal descends by gravity to the stokers, which, in, this par- 
ticular case, are of the underfeed, sloping fire-bed type. Ash and clinkers 
are removed by clinker grinders located in a pit, and arc discharged into 
the ash hopper. Steam- or motor-driven blowers supply the air required 
for combustion. 

The boilers are much larger individually and fewer in number than in 
the old-style reciprocating-engine plant, and generate steam at 250 to 
350 lb. pressure, superheated to approximately 700 deg. fahr. When 
operating the turbines at full load, the boilers are driven at 175 to 200 
per cent or more of their commercial rating. Reserve or spare boilers 
are reduced to a minimum. When a boiler is cut out for repairs, the 
rest of the battery is operated at from 225 to 350 per cent rating or more, 
in order to evaporate the required amount of water. Each battery is 
designed to furnish steam directly to one particular turbine, but by means 
of a crossover main the steam from any battery of boilers may flow to 
any turbine. 

The prime movers are horizontal steam turbines direct connected to 
alternators. The bearings are oil-cooled, and lubrication is automatically 
effected by means of a pump connected to the governor shaft. Each 
generator is normally excited by the main exciter mounted on an ex- 
tension of the generator shaft. The generator field may also be excited 
from an independently driven exciter or from the station storage battery. 
Air, washed and conditioned if necessary, is drawn into the generator by 
centrifugal fans mounted on the rotor, and absorbs the electrical heat 
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losses. The efficiency of the generator is very high (96 per cent), and yet, 
because of the great amount of energy transformed in the generator, this 
4 per cent loss represents a large amount of heat and forced ventilation 
is necessary to prevent overheating. 

The condenser is ordinarily of the surface-condensing type and is at- 
tached directly below the low-pressure end of the turbine. A much 
higher vacuum is maintained in the condensers than in reciprocating- 
engine practice, since the turbine gives its best efficiency at low back 
pressures. Condensing water is circulated through the tubes of the con- 
denser by motor-driven or steam-driven centrifugal pumps, and the con- 
densed steam or condensate collected in the hotwells is withdrawn by 
a turbine-driven or motor-driven hotwell pump. Air and non-conden- 
sable vapors are removed by a dry air pump, steam or electrically driven. 
Rotary air pumps, turbo-air pumps and steam ejectors are also used for 
this purpose. The hotwell pump discharges the condensate into a feed- 
water heater, which receives the steam exhausted from the steam-driven 
auxiliaries. The steam-turbine or motor-driven centrifugal boiler feed 
pump takes its supply from the feedwater heater and delivers it to the 
boiler. 

A station similar to the one illustrated in Fig. 4, equipped with 20,000- 
kw. units, is capable of converting over 18 per cent of the heat value of 
the fuel into electrical energy when operating at its most economical load. 
Under commercial conditions of operation, with its attendant standby 
losses, the average overall efficiency ranges from 12 to 16 per cent. 

In industrial plants where steam is used for heating or manufacturing 
purposes, or for both, and where the proportionate demand for low- 
pressure steam and power would make a straight non-condensing turbine 
uneconomical, it is common practice to install a bleeder turbine. This 
design is a form of condensing turbine from which steam may be extracted 
at the desired pressure, either automatically or by manual control. It 
may be designed for partial or 100 per cent extraction, depending upon the 
low-pressure steam and the electrical load requirements. In the large, 
modem power house using electrically driven auxiliaries, the turbines 
are of the bleeder type, steam being extracted for feedwater heating from 
as many as four different pressure stages. In certain classes of manu- 
facturing plants where there is an excess of exhaust steam from various 
steam-using devices, the mixed-pressure turbine has been found to give 
good results. As the name implies, mixed-pressure turbines are designed 
to mn on both high-pressure and low-pressure steam at the same time, 
using all the low-pressure steam available and sufficient supplementary 
high-pressure steam to carry the load. When there is sufficient low-pres- 
sure steam to carry the load, no high-pressure steam is used; and vice 
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versa, where there is no low-pressure steam available, the turbine functions 
as a high-pressure machine. Low-pressure turbines are operated by 
exhaust steam only and are installed where there is an ample supply of 
low-pressure steam to carry the loads at all times. In a number of large 
central stations, current for the electrically driven auxiliaries and other 
house service is furnished by a house turbine. The exhaust from^this 
turbine (at about 1 lb. gage pressure) is used to heat the feedwater for the 
entire plant. 

The house turbine may be used (1) in conjunction with other steam- 
driven auxiliaries, (2) when all the auxiliaries are driven by the house 
turbine with an emergency supply available from the main units, and (3) 
where current for part of the auxiliary power is furnished by the main 
units. In the latter case, part of the steam for feed heating is bled from 
the main unit. 

5. Condensing Plant with Equipment for Reclaiming Waste Heat.” — 

When fuel is costly, it becomes necessary, for the sake of economy, to re- 
duce the heat wastes as much as possible. The chimney gases, which in 
average practice are discharged at a temperature between 450 and 550 
deg. fahr., represent a loss of 20 to 30 per cent of the total value of the fuel. 
If part of the heat could be reclaimed without impairing the draft, the 
gain would be directly proportional to the reduction in temperature of 
the gases. Again, in some types of condensers, all of the steam exhausted 
by the engine is condensed by the circulating water and discharged to 
waste. If provision could be made for utilizing part of the exhaust steam 
for feedwater heating, the efficiency of the plant could be correspondingly 
increased. In many cases the cost of installing such heat-saving devices 
would more than offset the gain effected, but occasions arise where they 
give marked economy. 

Figure 5 gives a diagrammatic arrangement of a coal-burning, piston- 
engine, condensing plant in which a number of devices for reclaiming 
'' waste heat ” are installed. The plant is assumed to consist of a number 
of engines, boilers, and auxiliaries. Coal is automatically transferred 
from the cars to coal hoppers placed above the boiler, by a suitable con- 
veying system. These hoppers store the coal in sufficient quantities to 
keep the boiler in continuous operation for some time. From the hoppers 
the coal is fed intermittently to the stoker by means of a down spout. 
The stoker feeds the furnace in proportion to the power demanded and 
automatically rejects the ash and refuse to the ashpit. The refuse is 
removed from the ashpit when occasion demands, and is transferred to a 
central ash hopper or dumped directly into cars. 

The products of combustion are discharged to the stack through the 
flue, or breeching. Within the flue is placed a feedwater heater called an 




economizer, the function of which is to absorb part of the heat from the 
gases on their Way to the chimney. The heat reclaimed by the economizer 
varies widely with the conditions of operation and ranges between 5 and 
20 per cent. Combustion air instead of feedwater may be the medium 
used for absorbing the heat from the chimney gases. The device used for 
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this purpose is commonly known as an air preheater. Both air preheaters 
and economizers are to be found in many plants. 

Part of the heat of the exhaust steam is reclaimed by a vacuum heater 
which is placed in the exhaust line between engine and condenser. For 
example, if the feedwater has a normal temperature of 60 deg. fahr. and 
the vacuum in the condenser is 26 in., the vacuum heater will raise the 
temperature of the feed to, say, 120 deg. fahr., thereby effecting a gain in 
heat of approximately 6 per cent. If the feed supply is taken from the 
hotwell, the vacuum heater is without purpose, as the temperature of the 
hotwell will not be far from 120 deg. fahr. 

Referring to the diagram, the path of the steam is as follows: From 
the boiler it flows through the boiler lead to the main header or equalizing 
pipe. From the main header it flows through the engine lead to the 
high-pressure cylinder. The exhaust steam discharges from the low- 
pressure cylinder through the vacuum heater and into the condenser. 
Part of the exhaust steam is condensed in the vacuum heater and gives 
up its latent heat to the feedwater. The remainder is condensed by the 
circulating water, which is forced into the condenser chamber by the 
circulating pump. The condensed steam and circulating water gravitate 
through the tail pipe to the hotwell. The air which enters the condenser, 
either as leakage or as entrainment, is withdrawn by the air pump. The 
steam exhausted by the feed pump, stoker engine, and other steam- 
driven auxiliaries is usually discharged into the atmospheric heater, 
which still further heats the feedwater. 

Referring to the feedwater, the heat exchange is as follows: The feed 
pump draws in cold water at a temperature, say, of 60 deg. fahr., and forces 
it in turn through the vacuum heater, the atmospheric heater, and the 
economizer, into the boiler. The vacuum heater raises the temperature 
of the water from 60 deg. fahr. to somewhat less than that of the exhaust 
steam, or, say, 110 deg. fahr. for average piston-engine practice. The 
rise in temperature in the atmospheric heater depends upon the amount 
of auxiliary exhaust available. This ranges anywhere from 8 to 15 per 
cent of the engine steam requirements for all steam-driven auxiliaries, to 
6 per cent or less for combination motor- and steam-driven auxiliaries. 
In case the auxiliaries are all motor-driven, it is customary to preheat 
the feedwater either with live steam or with steam bled from the receiver 
between the high- and low-pressure cylinders, because the introduction 
of cold water into the economizer causes excessive external corrosion of 
the latter. When the exhaust from the auxiliaries is in excess of that 
required to heat the water in the atmospheric heater to 212 deg. fahr., it 
is usually more economical to drive part of the auxiliaries electrically or 
with more efficient steam engines. The rise in temperature in the econo- 
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mizer varies widely with the conditions of operation, but is roughly 0.5 
deg. fahr. for each degree drop in flue gas temperature. The heat re- 
claimed by this series of heaters ranges anywhere from 15 to 25 per cent 
of the total heat delivered to the engine. If the condenser is of the open, 
or jet, type and the discharge water is suitable for boiler feed, the vacuum 
heater is without purpose, because the temperature of the condensate 
will be practically that of exhaust steam. 

The heat distribution in a well-designed piston-engine station, equipped 
with vacuum heater, atmospheric heater and economizer, and operating 
under favorable conditions, is substantially as follows; 


Steam supplied to engine, initial pressure 165 lb. abs. superheat 

100 deg. fahr., vacuum 26-in 

' Steam to auxiliaries 


Per Cent of 
Main Engine 
Steam 
(I.hp. Basis) 

Forced draft fans 1.5 

Induced draft fans 2.0 

Feed pumps 1.5 

Circulating pumps 2.0 

Air pumps 1.0 

Miscellaneous 1.0 

Steam losses 

Engine and generator friction . ,7.0 
Leakage, blow-off, etc 1.5 


Radiation and other heat losses 0.5 


9.00 


9.00 


Total steam required per electrical hp.-hr. 


Heat above 60 deg. fahr. required to produce one electrical hp.-hr., 

14.75 [1252 - (60 - 32)] 

Heat returned by vacuum heater, 14.75 (110-60) 737 

Heat returned by atmospheric heater, 14,75 (195-110) 1254 

Heat returned by economizer heater, 14.75 (300-195) 1549 

Total heat to be furnished by steam per electrical hp.-hr 

2547 

Per cent of heat of the steam realized as power 100 ; ■ ■ ^ / 

14,514 

Boiler, superheater and economizer efficiency, per cent 

Per cent of heat of fuel required to furnish one electrical hp.-hr. 
17.5 X 0.76 



Main 

Engines 


12.50 


1.125 


1.125 

14.75 

B.t.u. 

18,054 

3,540 

14,514 

17.5 

76 

13.3 


In Europe, small condensing piston-engine plants, of the locomobile 
type, operating on substantially the same principles as the one just de- 
scribed, but with very high pressures and superheats, have shown overall 
efficien(^ (coal pile to switchboard) of 22 per cent at the most economical 
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load, and 18 per cent under regular operating conditions; but these results 
are exceptional. It is quite possible to realize such efficiencies in specially 
designed piston-engine central stations; but with the present price of fuel, 
the fixed and operating costs would more than offset the thermal gain. 
Piston engines are not in evidence in large, modern steam-electric central 
stations, chiefly on account of their enormous bulk, high first cost, and 
relatively poor economy. For the smaller isolated stations, the piston 
engine, particularly of the uniflow type, is still an active competitor with 
other sources of power. 

Figure 6 gives a schematic outline of one unit of a modem steam-turbine 
plant designed to burn a fair grade of Western bituminous coal. To avoid 
complication in drawing, the coal and the ash-conveying equipment and 
the countless small appurtenances and fittings necessary for successful 
operation have been omitted. Specific values are given for the purpose 
of emphasizing the number and relative sizes of the various elements 
incorporated in the unit. 

The prime mover is a two-cylinder tandem-compound steam turbine 
connected to a single 50,000 kw., 1800 r.p.m., 3-phase, 60 cycle, 12,000- 
volt generator with a 300 kw., 250-volt direct-connected exciter. The 
turbine is designed to operate with steam at 600 lb. pressure, 725 deg. fahr. 
temperature and a vacuum of 29 inches and is provided with four extrac- 
tion stages. Steam is bled from the 4 lb., 15 lb., 41 lb. and 102 lb. absolute 
stage, respectively, and passed into a corresponding number of extraction 
feedwater heaters. When operating at rated load with full extraction the 
water rate of the turbine is 9.5 lb. per kw-hr. A 20,000 sq. ft. tubular air 
cooler with a capacity of 160,000 c.f.m. provides the necessary generator 
ventilation. This air is furnished by two fans direct connected to 150 hp. 
induction motors. 

The turbine is served by a 57,000 sq. ft. single-pass surface condenser 
equipped with two vertical-shaft circulating pumps set below the water 
level and direct connected to two 2-speed, 275 hp. induction motors. At 
the high speed of 250 r.p.m. the combined capacity of the two pumps is 
70,000 g.p.m. and the capacity of one pump at the low speed of 180 r.p.m. 
is 25,000 g.p.m. There are two 500 g.p.m. condensate pumps direct 
connected to 40 hp. constant-speed motors designed to pump against a 
total head of 225 ft. at 1750 r.p.m. Air and non-condensable gases are 
removed from the condenser by two steam-jet pumps, provided with inter- 
and after-coolers, and having a maximum capacity of 60 cu. ft. of free air 
per min. 

Steam is generated in four cross-drum water-tube boilers, each capable 
of evaporating 200,000 lb. of water per hr. from a feedwater temperature 
of 375 deg. fahr. to steam at 635 lb. pressure and 735 deg. total tempera- 
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ture. Each boiler has a water-heating surface of 14,400 sq. ft., 3000 sq. 
ft. of convection superheating surface, 715 sq. ft. of water-cooled surface in 
the furnace, 7000 sq. ft. of steel-tube economizer surface, 40,000 sq. ft. of 
air-preheater surface and a furnace volume of 6600 cu. ft. The stokers 
are of the forced-draft traveling-grate type, each stoker having an effective 
grate surface of 470 sq. ft. and driven by a 10 hp., 440-1760 r.p.m. brush- 
shifting motor. Each boiler has two forced-draft fans and one induced- 
draft fan. The forced-draft fans are driven by 75 hp., 600-1150 r.p.m. 
slip-ring, wound-motor-type motors and have a rated capacity of 35,000 
c.f.m. each against a heat of 5.5 in. of water. To impress flexibility and 
economy the induced-draft fan is driven by two motors, one 230-490 
r.p.m., and the other 490-700 r.p.m. The rated capacity of the induced- 
draft fan is 120,000 c.f.m. at 290 deg. fahr. and 7.5 in. w.g. at the fan inlet. 
The preheater supplies air to the stoker at approximately 350 deg. fahr. 
There are three boiler-feed pumps, two driven by 600 hp. 1800 r.p.m. 
constant speed squirrel-cage motors and one by a steam turbine. The 
rated capacity of each pump is 600 g.p.m. against a total head of 800 lb. 

Alternating current is used exclusively for the motor-driven auxiliary 
equipment. All motors rated at 50 hp. each and above are 2300 volts and 
the smaller ones 440 volts. With the exception of the boiler feed-pump 
drives all motors are started at full voltage and are entirely automatic in 
operation. Service for the motor equipment is obtained from step-down 
transformers. 

The condensate is taken from the hot well and delivered by the con- 
densate pump successively through the following heat exchangers: (1) 
turbine air cooler, (2) inter- and after-condenser of the steam-jet vacuum 
pumps, (3) extraction heater No. 1, (4) deaerator condenser, and (5) 
extraction heater No. 2. The boiler feed pump takes its supply from the 
open heater and forces it in series through, (6) extraction heater No. 3 and 
(7) the economizer into the boiler. The increase in temperature of the 
condensate at rated turbine load is indicated in the diagram. Condensa- 
tion from each extraction heater drains back, through float valves, to the 
preceding heater. From No. 1 heater the condensation is pumped back 
into the line, but if the pump should fail, it drains back to the condenser. 

In this particular plant the raw water supply is of good quality and no 
evaporators are necessary. The necessary make-up consists of clean drips, 
drains, overflows and a certain portion of “ permutized and acid-treated 
raw water which are collected in a storage reservoir and pumped to the 
open heater. 

With overall boiler efficiency of 85 per cent, operating efficiency ratio of 
92 per cent and 4 per cent of the generator capacity as the auxiliary power 
requirements, the plant thermal efficiency at rated capacity is 24 per cent. 
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The elementary plants previously described are designed primarily for 
the burning of bulk coal. The use of gaseous, hquid or powdered fuels 
will not alter the cycle in any way, though certain changes in the fuel 
handling and burning equipment must necessarily be made. 

Economy in fuel utilization is indicated by the fact that while the 
energy output of fuel burning plants during the past six years has been 
more than tripled the increase in the amount of fuel used has been only 
doubled. Some of the factors which made this possible are stage bleeding, 
reheating of steam between stages, higher pressures and temperatures, 
economizers, air preheaters, radiant heat absorbing surface around the 
furnace, turbulent mixing of the gases of combustion, automatic combus- 
tion control, large turbine and boiler units, interconnection of generating 
stations, and, in the case of industrial plants, coordination of power and 
process heat requirements. 

' Result of the rapid growth of central stations is evidenced by the great 
size of individual plants some of which are to have ultimate capacities of 
one million kilowatts. Single steam-generating units capable of evaporat- 
ing 1,000,000 lb. water per hr. are now in operation, and a turbine unit of 
208,000 kw. rated capacity has been operating for some time for the State- 
Line plant. Boiler pressures of 600 to 800 lb. gage are not uncommon, and 
pressures of 1200 to 1400 lb. are employed in a few recent installations. 
Steam temperatures of 725 to 750 deg. fahr. are common practice and 
manufacturers express their willingness to provide equipment for more 
severe service. 

In nearly all of the latest central stations, the auxiliaries are motor-driven. 
The duplex drive for certain auxiliaries is also in favor. With this system 
the auxiliary is driven by a motor and steam turbine connected to a com- 
mon shaft, the motor being used for normal operation and the steam 
turbine for emergency. The electrical losses are also partially recovered, 
in some instances, by using the condensate for absorbing the heat from the 
generator ventilating air. The heat rejected by steam-ejector air pumps, 
high-pressure gland steam, low-pressure gland water, make-up water 
evaporators, drips and bearing-oil coolers is frequently used for heating 
the condensate or feedwater. Deficiency in feedwater temperature for 
the required “ heat balance is also efl’ected by bleeding the main turbine 
progressively at one to six points. Feedwater economizers for utilizing 
part of the sensible heat of the flue gases are the rule rather than the 
exception, though increased feed temperatures from stage bleeding render 
them less desirable. In case of multi-stage bleeding and high-pressure 
and temperature steam with stage reheating, which is common practice 
in some of the newer stations, feedwater economizers are not included, and 
the waste heat from the boiler is utilized in preheating the combustion air. 
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Preheating air by bleeding the main turbine unit at one or two stages is a 
feature in two of the new plants, but no data are available as to savings 
effected. A combination mercury-steam unit of approximately 10,000-kw. 
capacity is in commercial service at the South Meadow Station of the Hart- 
ford Electric Light Co. In this unit, mercury is vaporized in a special 
boiler at a pressure of 68-lb. gage and corresponding temperature of 810 
deg. fahr., and expanded to a 28.5-in. vacuum in a mercury turbine. The 
mercury exhaust, at a temperature of 438 deg.fahr., is condensed, and its 
latent heat is used for generating steam at about 270-lb. gage pressure. 
This steam is used for operating the conventional type of steam turbine. 
Compared with an efficient steam-turbine plant operating at 200-lb. 
pressure, the mercury-steam combination gives about 50 per cent more 
electrical output per lb. of fuel. To what extent these refinements may 
be carried out without offsetting the heat economy, by increased first 
cost, maintenance, attendance and interruption to service, can be deter- 
mined only by careful analysis of all the factors entering into the problem. 
The use of pulverized fuel, and in certain locations fuel oil, has resulted 
in reduced standby losses and increased overall station economy; but 
this is only another one of the many factors in the problem of economical 
power generation. If the predicted results of some of the latest central 
station projects are realized, a kilowatt-hour may be developed on a 
heat consumption of 11,400 B.t.u., corresponding to an overall efficiency 
of 30 per cent, or considerably less than a pound of good coal per kilowatt- 
hour. 

The percentage of the heat value of the fuel realized as energy at the 
point of consumption is considerably less than the overall efficiency from 

coal-pile to switchboard,'^ because of the transmission, distribution 
and service losses. These losses vary within wide limits, depending 
upon the size and type of plant, character of equipment, length of trans- 
mission lines, and various other influencing factors. Figure 7 illustrates 
the approximate losses for a large plant such as the Crawford Avenue 
Station of the Commonwealth Edison Company of Chicago. 

6. Superpower Plants. — Any of our ultra-modern turbo-alternator cen- 
tral stations is in effect a superpower plant, but the word superpower " 
in this connection is intended to refer to the large central stations com- 
prising a part of a regional system, advocated by Wm. S. Murray, through 
which all the large load centers within its boundaries will be linked to- 
gether. This system will include large base-load steam-electric plants at 
tidewater, on inland waters or in the coal-mining territory, as conditions 
may warrant, and hydro-electric developments at potential water-power 
sites. These new base-load plants will be linked together with the more 
efficient existing plants, by means of heavy trunk transmission lines 
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capable of carrying sufficient power to permit each power plant to be 
operated in the manner necessary to get the greatest resultant economy 
for the entire region. This system calls for the ultimate electrification 
of the railroads and the supplying of electrical energy for all industrial and 
domestic requirements within the prescribed zone. While ** super- 
power is more or less of a dream, power interchange ” is an accom- 
plished fact. For example, the various generating stations of the Com- 
monwealth Edison Co., Chicago, are interconnected with a 132,000- volt 
line, and the entire system is interconnected with other systems leading 
to Wisconsin, Illinois, Ohio, . West Virginia, Pennsylvania, and down 
through Tennessee and Alabama to Mobile. Interchange of power 
between systems reduces duplication of investment by permitting full 
utilization of the output of power stations over a wide range of territory; 
it allows the generation of power in the most efficient stations; it reduces 
the peak load of individual stations; provides immediate relief in case of 
interruption of service in any system; reduces investment in total reserve 
capacity, and permits construction programs of participating companies 
to be more uniformly distributed. 

Present Tendencies of Steam Station DesigUy V. E. Alden, Power, Apr. 12, 1927, p. 552. 

Generating Power with Mercury Vapory Power, Apr. 12, 1927, p. 566. 

Trend of Steam Power Plant Developmenty A. G. Christie, Power Plant Engrg., Feb. 15, 
1926, p. 258. 

EXERCISES 

1. Make a diagrammatic outline of a simple non-condensing plant, correctly locating 
all the essential elements entering into its composition. Indicate by means of arrow 
points the direction of flow of the feedwater and steam. 

2. Same Instruction as in Problem 1, except that a non-condensing plant with ex- 
haust steam heating system is to be considered. 

3. Enumerate the character and extent of the heat losses from ^‘coal-pile to switch- 
board” in a simple non-condensing piston-engine plant. 

4. Beginning with the cold water supply, trace the path of the feedwater and steam 
through the various essential elements in a condensing plant equipped with a full com- 
plement of ** heat-saving” appliances. 

5. Make a skeleton outline of a modem turbo-alternator plant, correctly locating 
and dftaignat.ing by name all the essential elements entermg into its composition. 



CHAPTER II 
FUELS 

7. General. — The cost of fuel is by far the greatest single item of 
expense in the production of steam power, and ranges from 40 per cent 
to 70 per cent of the total operating expense. Furthermore, aJl fuels are 
slowly but surely increasing in price, and larger investments for fuel- and 
labor-saving equipment are justified. In localities where a specific fuel 
is plentiful, the problem resolves itself merely into a study of the best 
methods of burning this fuel; but in situations where various kinds of 
fuel are available, the selection of the one best suited for a given or pro- 
posed equipment includes a careful consideration of such items as com- 
position of the fuel, size, cost per unit, heating value, refuse incident to 
combustion, initial waste products, such as ash and moisture, storage 
requirements, and transportation facilities. 

Where a choice exists, that fuel is selected which develops the required 
power at the lowest cost, taking into consideration all of the circum- 
stances that may affect its use. Occasionally the disposition of waste 
products is a factor in the choice, but such instances are uncommon. 
The boilers and furnaces are designed to suit the fuel selected. 

American Fudsy Bacon and Hamor, Mc-Graw Hill Pub. Co. 

8. Classlflcation of Fuels. — The fuels most commonly used for steam 
generation may be divided into three classes, as follows: 

1. Solid fuels. 

а. Natural: coal, lignite, wood, and peat. 

б. Prepared: coke, charcoal, pitch, and briquetted fuels. 

2. Liquid fuels. 

а. Natural: crude oils. 

б. Prepared: distilled oils, residuum, gas-works tar, gas oil. 

3. Gaseous fuels. 

а. Natural: natural gas. 

б. Prepared: blast-furnace gas, coke-oven gas, coal gas, water 

gas, producer gas, oil gas. 

The majority of prepared fuels are by-products of manufacturing 
processes. 
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SOLID FUELS 

9. General. — Solid fuels are of vegetable origin and exist in a variety 
of forms, ranging from a comparatively recent cellulose growth to graph- 
itic anthracite coal, which is nearly pure carbon. They owe their forms 
to the conditions under which they were created or to the geological 
changes which they have undergone. With each succeeding stage, the 
percentage of carbon increases and the oxygen content decreases. The 
chemical changes are approximately as given in Table 1. 

Origin of Coal: Combustion, Nov., 1922, p. 284. 

10. Composition of Solid Fuels. — All solid fuels, when separated into 
their ultimate chemical constituents, are composed principally of varying 
proportions of carbon, hydrogen, oxygen, sulphur, and refractory earths. 
Carbon and hydrogen are the only desirable elements from a combus- 
tion standpoint, and the others may be considered impurities. The 
various combinations into which the carbon, hydrogen and oxygen are 
united are extremely complex and greatly influence the physical charac- 
teristics of the fuel. Not all of the carbon and hydrogen is available for 
combustion, since part of the carbon may be present as a carbonate and 
part of the hydrogen as water. The real test of any fuel is its performance 
under service conditions; but a knowledge of the physical and chemical 
characteristics, as determined in the laboratory, is of great importance 
in selecting the equipment best suited for the combustion of that particular 
fuel. The analyses most commonly used in this connection are known 
as proximate ” and ** ultimate.'^ 

Proximate Analysis. This analysis enables the engineer to predict, to 
a certain extent, the behavior of the fuel in the furnace, by giving the 
percentages of moisture, ash, fixed carbon and volatile matter. The 
sulphur content and the calorific value of the fuel are usually included in 
the commercial proximate analysis. 

TABLE 1 


PROGRESSIVE CHANGE FROM PURE CELLULOSE TO GRAPHITIC ANTHRACITB 
(Moisture, Ash and Sulphur Free) 


Substance 

Carbon 

Oxygen 



Pure cellulose 

44.5 

49.4 

6.1 


Wood 

50.0 

43.0 

5.7 

1.3 

Peat 

60.0 

32.5 

5.5 

2.0 

Lignite 

66.5 

26.5 

5.5 

1.5 

Sub-bituminous coal 

75.0 

18.0 

5.5 

1.5 

Bituminous coal 

82.0 

11.0 

5.4 

1.6 

Semi-bituminous coal 

86.5 

7.0 

5.0 

1.5 

Semi-anthracite coal 

91.0 

4.0 

3.5 

1.5 

Anthracite 

93.2 

3.0 

2.5 

1.3 

Graphitic anthracite 

97.3 

2.1 

0.5 

0.1 
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There is no definite demarcation between the analyses of the various 
fuels as indicated in this table, since considerable overlapping exists, 
but the progressive change is substantially as shown. 

Moisture, as obtained from this analysis, is purely an arbitrary quan- 
tity, based upon the loss in weight of a sample when maintained for ap- 
proximately one hour at a temperature of 220 deg. fahr. The material 
driven off in this manner is not all water, since some of the volatile com- 
bustible may distill off; furthermore, all of the' water may not be evapo- 
rated by this treatment. Nevertheless, the treatment accomplishes its 
purpose, which is to bring the material to a condition which can be dupli- 
cated closely and represents a fixed basis for comparison. Moisture not 
only increases the cost of transporting and handling the fuel but is also 
a disadvantage in the furnace, absorbing heat which might otherwise be 
available for generating steam. Solid fuel free from moisture is 
known as dry fuel.^ 

The material which remains after the fuel has been completely burned 
is classified as ash. The term ash,^^ as commonly used in steam boiler 
practice, differs from ash as determined in the laboratory in that it con- 
tains some combustible. A better term for the former is refuse. It is 
derived from the inorganic matter in the fuel, such as sand, clay, shale, 

slate,’' and iron pyrites, and is composed largely of compounds of silica, 
alumina, iron, and lime, together with small quantities of magnesia. A 
large percentage of ash is undesirable, since it reduces the heat value of 
the fuel, increases the cost of transportation and handling, necessitates 
disposal of refuse, and often produces troublesome clinker. Solid fuel, 
free from moisture and ash, is commonly designated as combustible, 
though the nitrogen and oxygen included are not combustible. Low- 
grade fuels are considered as such chiefly because of their large moisture 
and ash content. 

That portion of the carbon, combined with hydrogen, and other gaseous 
compounds, which is driven off the dry fuel by the application of heat, 
constitutes the volatile combustible matter, or simply volatile matter. 
The term ‘‘volatile combustible” is a misnomer, since a considerable 

^ ‘^Moisture,” as determined from the proximate analysis, must not be confused 
with “air-drying loss.” The primary purpose of air-drying is to reduce the moisture 
content to such a condition that there will not be rapid changes in the weight of the 
sample during the course of analysis; it simply shows the amount of moisture removed 
in order to bring the sample to a condition of equilibrium with respect to the moisture 
in the air of the room. “Air-drying loss” is the amount of moisture driven off when 
the sample, as received, is subjected to a temperature of 86 to 95 deg. fahr. The dry- 
ing process is continued until the loss in weight between two successive weighings, made 
six to twelve hours apart, does not exceed 0.2 per cent. See “Analysis of Coal in the 
United States,” Bulletin 22, 1913, Bureau of Mines. 
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fraction of the distilled gases consists of water vapor, carbon dioxide, 
nitrogen, and other inert, non-combustible diluents. The importance of 
the volatile matter to the engineer is obvious, since a high percentage 
indicates that special care must be observed in effecting smokeless com- 
bustion. 

The uncombined carbon, or that portion which remains after the vola- 
tile matter has been driven off, is known as fixed carbon. Fixed carbon, 
however, is not pure carbon, since the carbonized residue contains, in 
addition to the ash-forming constituents, small amounts of hydrogen, 
oxygen, and nitrogen, and approximately half the original sulphur con- 
tent. “ Fixed carbon is a measure of the relative coking properties of 
coals, though in the commercial manufacture of coke or gas the yield of 
coke is several per cent higher than that obtained in the laboratory. 
In the proximate analysis of fuel, the sulphur is included in the volatile 
matter, fixed carbon and ash. Sulphur occurs in coal as pyrites, sulphates 
of iron, lime, and aluminum, and in combination with the coal substance 
as organic compounds. Although classed as an impurity, sulphur has a 
heating value, when in the form of iron pyrites, of almost one-half that 
of the carbon it replaces. For steaming purposes, sulphur is objection- 
able only when its presence produces a badly clinkering ash, or brings 
about corrosion by the formation of acid with moisture, as in connection 
with economizer installations. 

Ultimate Analysis. In the ultimate analysis, the composition of 
the fuel is expressed in terms of its elementary constituents of carbon, 
hydrogen, oxygen, nitrogen and sulphur, and ash. The ultimate analysis, 
while little used in ordinary practice, is of value in determining the more 
important heat losses incident to combustion, but an accurate analysis 
requires considerable time for its consummation and necessitates the 
services of a competent chemist. For that matter, an accurate proxi- 
mate analysis requires even more skill than the ultimate analysis, since 
in the latter the determination of hydrogen, carbon, and nitrogen is not 
subject to the arbitrary conditions that must be maintained in the proxi- 
mate analysis. But as ordinarily made the latter requires little apparatus 
and is within the skill of the average engineer. 

Both the ultimate and proximate analyses may be expressed in terms of 

(1) '' Fuel as received,'^ or fuel as fired 

(2) Fuel, moisture free," or dry fuel 

(3) ** Fuel, moisture and ash free," or combustible 

(4) Fuel, moisture, ash, and sulphur free." 

Test Code for Solid Fuels: Published by the Society, Mar. 31, 1927. 

Standard Methods of Laboratory Sampling and Analysis of Coal: Proc. Am. Soc. 
Testing Materials, 1921, p. 760. 

SampUng Coal: U. S. Bureau of Mines, Tech. Paper 1, 1911; 133, 1917; 76, 1911. 



FUELS 


29 


In the various fuel publications issued by the Bureau of Mines and the 
U. S. Geological Survey, the quoted terms are used almost exclusively, 
whereas in the Boiler Code advocated by the American Society of Mechan- 
ical Engineers and in most engineering literature, the terms in bold type 
are given preference. Engineers prefer to have the results based on fuel as 
fired, since this represents the condition of the fuel as fed to the furnace. 
For convenience in comparing analyses, the results are usually based on 
dry and combustible; but occasionally, as will be shown later, the fuel, 
moisture, ash, and sulphur free basis is of service. Analyses are readily 
converted from one basis to another, as will be seen from the following 
example. 

Example 1. — Given the proximate and ultimate analyses of a sample 
of bituminous coal as received.’’ Transfer these analyses to the “ mois- 
ture free ” and “ moisture and ash free ” basis. Also transfer the ulti- 
m'ate analysis as received to the moisture, ash and sulphur free ” basis. 

Solution. — 


FOR THE PROXIMATE ANALYSIS.* 



Coal as Re- 
ceived, or Coal 
as Fired 

Coal, Li.oi5ture 
Free, or Dry i 
Co&l 

Coal, Moisture and 
Ash Free, or 
Combustible 

A. 

B. 

C. 

Fixed carbon 

Volatile matter 

Ash . ... 

Moisture 

50.19 

31.44 

10.61 

7 76 

54.42 

34.08 

11.50 

61.49 

38.51 


100 00 

100.00 

100.00 


Column A = laboratory analysis. 

Column B = column A (1 — proportional weight of moisture) 

= column A 0.9224. 

Column C = column A [1 — (proportional weight of moisture + 
ash)] 

= column A 0.8163. 


FOR THE ULTIMATE ANALYSIS: 



Coal as Received 

Coal, 

Moisture 

Free 

Coal, 
Moisture 
and Aah 
Free 

Coal, 
Moisture, 
Ash and 
Sulphur Free 

A. 

At. 

B. 

C. 

D. 

Carbon 

Hydrogen 

Nitrogen 

Oxycen 

Sulphur 

Ash 

66.55 

5.14 

1.32 

14.41 

1.97 

10.61 

66.55 

4.28 

1.32 

7.51 

1.97 

10.61 

*7.76 

72.15 

4.64 

1.43 

8.14 

2.14 
11.50 

81.62 

5.24 

1.62 

9.21 

2.41 

83.54 

5.37 

1.66 

9.43 

Free moisture 




100.00 

100.00 

100.00 

100.00 

100.00 


From the proximate anaiyeis. 
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In the ultimate analysis of the coal as received (Column A), the free 
moisture or moisture ” is included in the hydrogen and oxygen. Since 
the water is composed of one part hydrogen and eight parts oxygen, one- 
ninth of the moisture should subtracted from the hydrogen and eight- 
ninths from the oxygen, in order to include free moisture as a separate 
item, thus: 

Column A ~ laboratory analysis. 

Hydrogen (column Ai) = hydrogen (column A) — ^ X per cent mois- 
ture 

= 5.14 - i X 7.76 
= 4.28. 

Oxygen (column Ai) = oxygen (column A) — J X per cent moisture 

= 14.41 - I X 7.76 
= 7.51. 

Column B = column Ai (1 — proportional weight of moisture) 

= column Ai 0.9224. 

Column C = column Ai [1 — proportional weight of (moisture + 
ash)] 

= column Ai 4- 0.8163. 

Column D = column Ai -r- [1 — proportional weight of (moisture + 
ash + sulphur)] 

= column Ai 0.7966. 

The term free hydrogen, or available hydrogen, is based on the as- 
sumption that all of the oxygen in the coal is combined with hydrogen 
in the proper ratio to form water, or 

Free hydrogen = Total hydrogen — oxygen/8 = H — 0/8. 

All of the oxygen + 0/8 is the weight of the combined moisture, and 
the sum of the free moisture (moisture as determined from the proximate 
analysis) and combined moisture is designated as the total moisture. 

Example 2. — Determine the free hydrogen, combined moisture, and 
total moisture for coal as fired, the analysis of which is given in Example 1. 

Solution. — 

Free hydrogen = H — 0/8 = 4.28 — 7.51/8 
= 3.34. 

Combined moisture = 0 + 0/8 = 7.51 + 7.51/8 
= 8.45. 

Total moisture = M + (0 + 0/8) = 7.76 + 8.45 
= 16.21. 

For most engineering purposes, extreme accuracy is not necessary in 
determining the ultimate analysis, since the average commercial heat 
balance is in itself only approximate at the best. Consequently, re- 
course may be had to empirical formulas for approximating the weight of 
the chemical constituents from the proximate analysis, thus:^ 

^ ** Experimental Engineering,” Carpenter and Diederichs. John Wiley & Sons, 
Inc., 1911, p. 507. 
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For hydrogen, H = V ““ 0.013^ (1) 

in which 

H = the per cent of hydrogen in the combustible, 

V = the per cent of volatile matter in the combustible. 

For nitrogen, 

N = 0.07 V for anthracite and semi-anthracite 

= 2.10 — 0.012 V for bituminous and lignite. (2) 

For total carbon (fixed carbon + volatile carbon), 

C = F + 0.02 for anthracite 

= F + 0.9 (V — 10) for semi-anthracite 
= F + 0.9 (V — 14) for bituminous coals 
= F + 0.9 (V “ 18) for lignites 
in which 

C = per cent of total carbon in the combustible, 

F = per cent of fixed carbon as determined from the proximate analysis, 

V = as above. 

Sulphur in the coal increases the value of V; hence the calculated 
value of C is too high by practically the sulphur content of the combustible. 

Example 3. — Calculate the ultimate analysis from the proximate 
analysis of the coal given in Example 1. 

Solution. — Substitute the various numerical values in equations (1) 
to (3) and solve, thus: 

H = 38.51 ( 3g^jqrjo ~ (Analysis gives 

H = 5*24). 

N = 2.10 - 0.012 X 38.51 

= 1.64 per cent. (Analysis gives N = 1.62). 

C = 61.49 + 0.9 (38.51 - 14) 

= 83.55 per cent. (Analysis gives C = 81.52). 

The ultimate analysis of the coal as received, neglecting the sulphur, 
is: 




H = 5.33 

N = 1.64 X 0.8163 . 
C = 83.55 

Ash (by analysis) 

Moisture (by analysis) 
O (by difference) 


Calculated Values, 
Per Cent 

Actual Values, 

Per Cent 

4.35 

4.28 

1.33 

1.32 

68.20 

68. 52* 

10.61 

10.61 

7.76 

7.76 

7.75 

7.51 

100.00 

100.00 


Carbon + Sulphur - 66.55 + 1.97 - 68.52. 
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It will be seen that the agreement is fairly close, with the exception of 
the figure for total carbon. As previously stated, this is largely due to 
the fact that the sulphur content is practically all added to the total 
carbon. If the sulphur content of the coal is known, as in this case (2.41 
per cent), correction can be made so that the final computed value for the 
total carbon is 83.55 — 2.41 3 = 81.14 per cent per lb. of combustible. 

This method of calculating the ultimate from the proximate analysis 
gives fairly accurate results for most coals, but with some grades of bi- 
tuminous coals the results for H and C may be in error as much as 5 per 
cent for each constituent. 

As the average plant is not equipped with the necessary apparatus for 
making the proximate analysis, to say nothing of the ultimate analysis, 
the preceding calculations are of little value to the engineer in charge. 
The proximate analysis is too cumbersome, even for the large plant, when 
a number of heat balances are required in a short time, as when new 
fuels are being tried out. In such cases, the following method enables 
the engineer to approximate the ultimate analysis with sufficient ac- 
curacy for most practical purposes, provided the source of coal supply 
is known 

Bulletins Nos. 22, 85 and 123, issued by the Bureau of Mines, contain 
a large number of ultimate analyses of coals from all parts of the country. 
A study of the data will show that coals from any given bed have practically 
the same analysis when expressed on a free from moisture^ ash and suU 
phur basis; hence it is principally a question of determining the amount 
of free moisture and ash in the sample (a comparatively simple test) 
and in assuming the sulphur content. Since the percentage of sulphur 
is not uniform, some error may be introduced in making this assumption, 
but it is negligible as far as the average commercial heat balance is con- 
cerned. This method of obtaining the ultimate analysis is best illus- 
trated by an example. 

Example 4. — Assume that a sample of Illinois coal (analysis as per 
Example 1) is available, and that only the ash and moisture determina- 
tions have been made. Approximate the ultimate analysis from the 
average moisture, ash, and sulphur free ” analysis of Illinois coals. 

Solution. — The average of a number of Illinois coals, ^ as recorded in 
the Government bulletins referred to, is: 


Combined 

Moisture 

Free Hydrogen 

Carbon 

Nitrogen 

11.94 

4.14 

82.4 

1.62 


» P. W. Evans, Armour Engineerf May, 1915, p. 301. 
* Moisture, ash, and sulphur free. 
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Assuming the per cent of sulphur in the coal under consideration to be 
the average of Illinois coals as recorded' in the Government bulletins 
(S = 2.84 per cent), the total free moisture, ash, and sulphur would be 
7.76 + 10.61 + 2.84 = 21.2 per cent; and the “ free from moisture, 
ash, and sulphur ” content, 100 — 21.2 = 78.8 per cent. The ultimate 
analysis of the coal as received may then be calculated as follows: 



Calculated Values, 
Per Cent 

Actual Values 

Per Cent 

Combined moisture, 11.94 X 0.788 

Free moisture (by test) 

9.40 

8.45 

7.76 

7.76 

Free hydrogen, 4.14 X 0.788 

3 26 

3 34 

Total carbon, 82.4 X 0.788 

64.98 

66.55 

Nitrogen, 1.52 X 0.788 

1.19 

1.32 

Ash (by test) 

10.61 

10.61 

Sulphur 

*2 80 

1.97 


100.00 

100 00 


* By assumption. 


The agreement between calculated and actual values for many Illinois 
coals is much closer than in this particular example The splendid work 
of the U. S. Bureau of Mines has placed at the disposal of the public 
complete analyses of the coals of all the coal fields in the country, and 
the error in assuming the average values of an entire state, as in the pre- 
ceding example, may be greatly reduced by taking the average values 
for the particular field in which the coal under consideration is mined. 

11. Coal. — Coal is the most important of all fuels and furnishes the 
greater part of the world’s heat and power energy. According to the latest 
estimates, the coal reserves of the world, by continents, are as follows: 

Billions of Tons (2000 lb.) 


America 5,628 

Asia 1,410 

Europe 864 

Oceania 188 

Africa 64 


Of the amount contained in the Americas, the United States claims 
4,205 billion tons, or 51 per cent of the total coal of the world. The pres- 
ent (1928) rate of production in the United States is approximately 600 
million tons per annum and the distribution is roughly as follows: 



Per Cent 

Per Cent 

Industrial steam trade 

. . ..33 

Exports 4 

Railroad fuel 

25 

Steamship bunkers at tidewater . . 2 

Domestic and small trade . . , 

16 

Used at mine for steam and heat . 3 

Manufacture of coke 

16 

Manufacture of coal gas 1 
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The greatest repository of coal in the United States is west of the Mis- 
sissippi River, but almost 80 per cent of the present production is from the 
States east of this river. Some idea of the extent and character of these 
fields may be gained from an inspection of the chart in Fig. 8. 



Coals and allied substances have been variously classified, according to 

1. Oxygen-hydrogen ratio, or Gruner^s classification. 

2. Fixed carbon and volatile combustible matter. 

3. Fuel ratio, or the ratio of the fixed carbon to the volatile combustible 
matter. 

4. Calorific power. 

5. Fixed carbon. 

6. Total carbon. 

7. Hydrogen. 

8. Carbon-hydrogen ratio, or the ratio of the total carbon to the 
hydrogen. 

All of these classifications are more or less unsatisfactory because of the 
overlapping of the various groups. 

According to the investigations of Prof. S. W. Parr, the ratio of heat 
value to the percentage of volatile matter of pure coal (moisture, ash, 
and sulphur free) is a more reliable means of classifying coals and allied 
substances than any of those previously mentioned. 

In its various bulletins the U. S. Bureau of Mines uses the following 
classification for the ranks of coal. 
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Anthracite 

Semi-anthracite 

Semi-bituminous 


Bituminous 

Sub-bituminous 

Lignite 


The word ‘‘ rank ” in this connection is used to designate those 
differences in coal that are due to the progressive change from lignite to 
anthracite, a change marked by the loss of moisture, of oxygen, and of 
volatile matter.” This change is generally accompanied by an increase 
of fixed carbon, of sulphur, and probably of ash. When, however, one 
coal is distinguished from another by the amount of ash or sulphur it 
contains, this difference is said to be one of grade. Thus, a high-grade 
coal ” means merely one that is relatively pure, whereas a high-rank 
coal ” means one that is high in the scale of coals, or in other words, one 
that has suffered devolatilization and that now contains a smaller per- 
centage of volatile matter, oxygen, and moisture than it contained be- 
fore the change occurred. M. R. Campbell (Prof. Paper 100-A. U. S. 
Geological Survey, 1917) gives the followirtg analyses as representative 
of the different ranks of coal, computed on nine samples as received, on 
the ash-free basis. 



Fixed 

Carbon 

Volatile 

Matter 

Moisture 

Heat 

Value 

B.t.u. per lb. 

Per Cent by Weight 

Lignite 

i 

37 8 

18.8 

43.4 

7,400 

Sub-bituminous 

42.1 

34.2 

23.4 

9,720 

Bituminous 





Low rank 


41.4 

11.6 

12,880 

Medium rank 

54.2 


5.0 

13,880 

Hiph rank 

64.6 

32 2 

3.2 

15,160 

Semi-bituminous 





Low rank 

75 0 


3 0 

15,480 

High rank 

83.4 

11.6 

5.0 

15,360 

Semi-anthracite 

83.8 


6.0 

14,880 

Anthracite 

95.5 

1.2 

3.2 

14,440 


The U. S. Geological survey used the following names for designating 
the areas underlain by coal-bearing rocks. 

Coal district is the term applied only to small coal areas in which mines 
are developed continuously on a given bed or beds and the coal is generally 
known by some distinguishing feature, such as a trade name, or by some 
physical characteristic upon which it is advertised or sold. Districts are 
generally named from the leading town in the county or from the town 
at which mining first achieved distinction in producing this particular 
kind of coal. Examples of districts are the Red Lodge district of Mon- 
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tana, the Gallup district of New Mexico, and the Winfield district of 
West Virginia. 

The term coal field is applied to an area generally larger than a dis- 
trict but still well-defined and compact. Small areas or basins that are 
separated from the main coal are called fields, especially if this coal is of 
fairly uniform composition and value. Examples of coal fields are the 
Pocahontas field of Virginia and West Virginia, the New River field of 
West Virginia, and the Windber field of Pennsylvania. 

Coal fields are grouped into larger divisions called regions. Such 
grouping is generally designed to bring together coal fields that have 
some feature or features in common, thus enabling them to be considered 
as a whole or separately as the problem may demand. Good examples 
are the anthracite region of Pennsylvania, the western coal region in 
Iowa, and numerous deep basins of the Rocky Mountain States. 

As fields are grouped into regions, so regions are grouped into much 
larger divisions, called provinces. These are the Eastern province, In- 
terior province, Gulf province, Northern Great Plains province. Rocky 
Mountain province, and Pacific Coast province. 

For a detailed description of the various districts, fields, regions, and 
provinces in the United States, consult ‘‘ The Coal Fields of the United 
States,'^ by M. R. Campbell, U. S. Geological Survey, Prof. Paper 100-A, 
1917. 

Analysis of Coals in the United States: U. S. Bureau of Mines, Bulletins, No. 193, 
1922; No. 123, 1918; No. 85, 1914; No. 22, 1913; Technical Paper 76, 1914. 

12. Anthracite. — Anthracite, commonly known as hard coal, consists 
almost entirely of fixed carbon and is the hardest of all the coals. 
Specific gravity 1.4 to 1.6; fuel ratio not more than 50 or 60 and not less 
than 10. It has a deep black color, a shiny, semi-metallic luster, has few 
points and clefts, and burns without softening or swelling. It ignites 
slowly and burns at a high temperature with little flame or smoke. As 
nearly all anthracite, with some unimportant exceptions, comes from 
three small fields in Eastern Pennsylvania, the supply is comparatively 
limited (estimated at less than 5 per cent of the total unmined reserve 
coal in the United States). Anthracite, as marketed, is always sized 
or screened, but there is no accepted standard of sizes, each coal district 
having certain sizes and names peculiar to itself and to the trade it sup- 
plies. Table 4 gives one of the standard divisions of mesh and the trade 
names under which it is classed and marketed. The price of the finer 
sizes is much less than that of the coarser, partly because of the premium 
placed on the larger sizes by the demand for domestic heating. Even in 
the immediate vicinity of the mines, sizes over pea coal are usually 
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prohibitive in price for steam power plahN 4 se. The smaller^riles are 
quite commonly used in city plants where smofe . urdmauCBlTare rigidly 
enforced, and when the price compares favorably with other available 
grades. Culm, or the refuse from screening, and bone coal (that part of 
the material encountered in mining which contains a large percentage of 
coal but not of marketable grade) were formerly rejected to waste on 
account of their high ash content and low heating value; but with the 
increasing cost of coal and the improvement of furnace design, nearly all 
of this refuse is being made available for power plant use. The proximate 
and ultimate analyses of a number of anthracites are given in Table 2. 
It is believed by many that anthracite has greater heat value than any of 
the other ranks, but this is not true, as will be seen by a comparison of the 
analyses in Table 2. 


JBurning Characteristics of Different Coals: Trans. A.8.M.E., Vol. 50, No. 33, Dec.. 1928. 


13. Seml-anthraclte. — Semi-anthracite kindles more readily and bums 
more rapidly than anthracite. It requires little attention, burns freely 
with a short flame, and yields great heat with little clinker and ash. It 
is apt to split on burning and wastes somewhat in falling through the grate. 
It swells considerably but does not cake. Semi-anthracite has less den- 
sity, hardness, and metallic luster than anthracite and can generally be 
distinguished from pure anthracite by its tendency to soil the hands. 
Semi-anthracite is not of great importance in the steam power plant 
field on account of the limited supply and high cost. It is mined chiefly 
in a few small areas in Pennsylvania, Arkansas, and Virginia. Some 
excellent deposits have also been found in Alaska. Specific gravity 1.3 
to 1.4; fuel ratio 6 to 10. See Table 2 for analyses of a few typical 
specimens. 

14. Seml-bltumlnous. — Semi-bituminous is similar in appearance to 
semi-anthracite, but it is softer and contains more volatile matter (15 to 
22 per cent). It has a high heating value, low moisture, ash, and sulphur 
content, burns freely without producing objectionable smoke and ranks 
among the best steaming coals in the world. The volatile matter in semi- 
bituminous coals is of remarkably uniform composition and approaches 
methane (CH4) in its analysis. While semi-bituminous coal is found in 
several states, the chief supply comes from the Pocahontas and New 
River fields of Virginia and West Virginia, the Georges field of Maryland, 
the Windber field of Pennsylvania, and the western end of the Arkansas 
field. The supply of semi-bituminous coal is comparatively limited, 
and it probably will be the first to be exhausted because it has a greater 
eflBciency and is adapted to more diverse uses than anthracite. Practi- 
cally all semi-bituminous coals are of the caking variety, and some of 



38 


STEAM POWER PLANT ENGINEERING 


TABLE 2 

ANALYSES OF REPRESENTATIVE COALS OP THE UNITED STATES 
(Compiled from Bureau of Mines Bulletins) 

Run of Mine — Aa Received 



Proximate Analysis 

Ultimate Analysis 

Heating Value 
B.t.u. per lb. 

State 

County, Field, 
District, or Trade 
Name 

Moisture 

t 

1* 

Volatile 

Matter 

Fixed 

Carbon 


Sulphur 

1 Hydrogen 

Carbon 

a 

1 

Oxygen 

As 

Received 

Moisture 

and 

Ash Free 



F Field 


C County 


D Distriot 
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County, Field, 3 § 

District, or Trade « ^ ^ 

Name o og 


TABLE 2 — Continued 


Proximate Analysis Ultimate Analysis p€wr1ib^ 




Ool 

Idaho . 
III. ... 

Ill 

111 . ... 
111 . . . 
111 . . . 
111 . . 
lad... 
Ind.. . . 
Ind... . 
Ind.. .. 
Iowa. . . 
Iowa . . 
Iowa . . 
Kans. . 
Kans. . . 
Kans. . 


Cherokee 

Crawford 


Ky... . 

Bastern 

F 

Ky 

Western 

F 

Ky 

Western 

F 

Md 

George’s Crk. 

F 

Md 

Potomac 

F 

Mich. . . 

Saginaw 

D 

Mo. .. . 

Barton 

C 


Lewiston 

Livingston 


Socorro 

Belmont 

Guernsey 

Hocking 

Jefferson 


Haskell C 

McAlester F 

Allegheny C 

Cambria C 

Fayette C 

Indiana C 

Jefferson C 

Washington C 

Westmoreland C 
Anderson C 

Campbell C 
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TABLE 2 — Concluded 



Proximate Analysis 

Ultimate Analysis 

Heating Value 
B.t.u. per lb. 

State 

County, Field, 
District, or Trade 
Name 

Moisture 

Volatile 

Matter 

Fixed 

Carbon 

A 

GB 

< 

Sulphur 

Hydrogen 

Carbon 


§ 

1 

Oxygen 

• As 

Received 

Moisture 

and 

Ash Free 


Bituminous. — Concluded 


Tenn.... 

Fentress 

C 

3 

401 35 151 

51 

53 

0 

02 

2 

64 

5 

15 

71 

63 

1 46 1 

9 

20 

13,050 

15,055 

Tenn. .. 

Grundy 

C 

3 

02 

27 23 

54 

76 

14 

00 

0 

04 

4 

81 

60 

07 

1 29 

8 

00 

12,508 

15,255 

Utah . 

Carbon 

C 

4 

06 

37 00 

40 

80 

8 

06 

1 

15 

5 

66 

71 

01 

1 47 

11 

75 

12,836 

14,607 

Utah . . 

Emery 

c 

7 

18 

42 16 

44 

81 

5 

85 

0 

68 

5 

71 

69 

85 

1 43 

16 

48 

12,537 

14,414 

Utah.. . 

Iron 

c 

4 

03 

37 24 

44 

79 

13 

04 

6 

72 

5 

11 

63 

01 

0 93 

11 

19 

11,412 

13,012 

Va 

Lee 

c 

4 

06 

34 03 

56 

28j 

4 

73| 

1 

20 

5 

32 

76 

59 

1 24 

10 

02 

13,826 

15,156 

Va 

Russell 

c 

1 

84 

36 15 

55 

48; 

6 

53 

0 

54 

5 

25 

79 

28 

1 40 

6 

01 

14,098 

15883 

Va 

Wise 

c 

2 

48 

31 71 

60 

30 

5 

51 

0 

52 

5 

50 

70 

60 

1 56 

7 

13 

14,252 

15,489 

Wash. 

King 

c 

4 

04 

33 01 

40 

07 

21 

08 

0 

54 

5 

13 

50 

35 

1 24 

12 

66 

10,733 

14,508 

Wash. . 

Kittitas 

c 

4 

37 

33 21 

49 

48 

12 

94 

0 

35 

5 

46 

60 

83 

1 56 

9 

86 

12,524 

15,147 

Wash. . 

Pierce 

c 

6 

04 

23 17 

61 

13 

9 

76 

0 

41 

5 

09 

74 

04 

2 17 

8 

53 

13,165 

15,617 

W. Va. 

Kanawha 

F 

5 

00 

29 07 

62 

57 

3 

27 

1 

03 

5 

33 

78 

23 

1 51 

10 

63 

14,110 

15,307 

W. Va. 

Big Sandy 

F 

2 

75 

34 01 

56 

68 

5 

66 

1 

24 

5 

34 

78 

63 

1 43 

7 

70 

14,071 

15,363 

W. Va. 

Wheeling 

F 

3 

78 

37 58 

50 

01 

7 

73 

i 

65 

5 

26 

73 

11 

1 43 

10 

82 

13,124 

14,832 

W.Va. . 

Monongalia 

D 

1 

63 

28 42 

62 

01 

7 

04 

0 

96 

5 

00 

78 

24 

1 28 

6 

58 

13,037 

15,313 

Wyo.. . 

Carbon 

C 

14 

20 

31 82 

48 

80 

5 

00 

0 

46 

5 

62 

60 

70 

1 02 

27 

20 

10,600 

13,134 

Wyo 

Rock Springs 

F 

11 

64 

36 37 

48 

58 

3 

41 

0 

81 

5 

72 

66 

08 

1 43 

22 

55 

11,768 

13,855 

Wyo 

Kemmerer 

F 

6 

56 

30 20 

47 

78 

6 

46 

1 

37 

5 

20 

69 

56 

1 1 25 

16 

07 

12,350 

14,207 


Sub-bituminous 


Alaska 

Fairhaven 

D 

19 74 

36 25 

38 

84 

5 

17 

1 21 

6 26 

54 

82 

1 03 

31 

51 

9,583 

12,762 

Aris. 

Black Mesa 

F 

9.88 

32 64 

46 

86 

10 

62 

1 12 

5 42 

62 

00 

1 13 

19 

71 

10,800 

13,585 

Calif.. .. 

Tesla 

D 

18 51 

35 33 

30 

67 

15 

49 

3 05 

5 93 

47 

34 

0 66 

27 

53 

8,507 

12,800 

Col. 

Boulder 

C 

19 15 

30 82 

44 

27 

5 

76 

0 25 

5 93 

56 

38 

1 08 

30 

60 

9,616 

12,807 

Mont. . 

Red Lodge 

F 

0 31 

34 14 

45 

87 

10 

68 

1 99 

5 24 

59 

54 

1 34 

21 

21 

10,472 

13,088 

N.M.. . 

Gallup 

F 

11 70 

38 13 

39 

68 

10 

40 

0 65 

5 71 

61 

57 

1 14 

20 

53 

10,897 

14,009 

Ore... . 

Coos Bay 

F 

16 10 

31 10 

39 

63 

13 

17 

0 81 

5 53 

51 

07 

1 19 

28 

23 

9,031 

12,769 

Utah. . 

Summit 

C 

14 20 

36 00 

44 

80 

5 

00 

1 41 

5 79 

61 

40 

1 00 

25 

31 

10,630 

13,160 

Wash. . . 

Pierce 

C 

4 11 

24 38 

44 

75 

26 

76 

0 44 

4 31 

58 

16 

1 39 

8 

94 

10,294 

14,891 

Wyo 

Sheridan 

D 

20 33 

28 58 

36 

42 

5 

67 

1 21 

6 27 

45 

09 

0 89 

40 

87 

7,783 

11,972 

Wyo 

Rock Springs 

F 

18 86 

29,17 

47 

85 

4 

12 

0 40 

5.64 

58 

,96 

1 45 

29. 

34 

10,283 

13,349 


Lignite 


Alaska .. 

■Igloo Creek 

D 

25.73 

36 39 

34 52 

3 36 

0 15 

6 87 

51 41 

0 71 

37 50 

8,735 

12,317 

Ark 

Ouachita 

C 

39 43 

26 49 

24 37 

9 71 

0 49 

6 08 

36 33 

0 68 

45 81 

6,356 

12,497 

Calif 

lone 

F 

45.78 

80 86 

15 78 

7 58 

1 01 

8 20 

32 91 

0 32 

49 08 

6,055 

12,082 

Mont 

Glendive 

D 

34 55 

35 34 

22 91 

7 29 

1 10 

6 60 

42 40 

0 57 

42 13 

7,000 

12,172 

N. D.... 

Williston 

F 

35 06 

31 02 

24 37 

7 75 

1 15 

6 54 

41 43 

1 21 

41 92 

7,069 

12,557 

N. D... . 

Williams 

C 

44 17 

23 79 

26 28 

5 76 

0 56 

7 28 

36 11 

0 63 

49 66 

6,035 

12,065 

S. D 

Perkins 

C 

39 16 

24 68 

27 81 

8 35 

2.22 

6 60 

38 02 

0 53 

44 28 

6,307 

12,017 

Tex 

Houston 

C 

34 70 

32 23 

21 87 

11.20 

0 79 

6 03 

30 25 

0 72 

41 11 

7,056 

13,048 

Tex 

Wood 

C 

33 71 

29 25 

29 76 

7.28 

0.53 

6 79 

42.52 

0.70 

42.09 

7,348 

12,452 


Peat (raw) 


Conn 

Beaver Marsh 

D 

91.20 

6.61 

1.84 

0 35 

0.02 

10.59 

5 00 

0 13 

83 91 

850 

10,070 

FU 

Duval 

C 

73 10 

14 00 

8 05 

4 85 

1.06 

9.27 

13 37 

0 53 

70 92 

3309 

10,470 

Mich.... 

Elk Marsh 

D 

66 91 

19.04 

9.29 

4.76 

0.09 

8.07 

17 23 

0.81 

68 14 

3,024 

10,700 


F .Field C County D District 
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them furnish the best coke that is made. (See middle of paragraph 15). 
Specific gravity 1.3 to 1.4; fuel ratio 3 to 7. See Table 2 for analyses of 
a few typical specimens. 

15 , Bituminous. — This fuel, sometimes called soft coal, is the most 
widely distributed, and is used more extensively than any other fuel in 
the generation of steam. The physical properties of the different grades 
vary within wide limits, and no classification so far made has met with 
general approval. Bituminous coals range in color from pitch black to 
dark brown, and in hardness from that of the lignites to that of semi- 
bituminous. The volatile matter and fixed carbon content arc about 
equal, but this is also true of sub-bituminous coal and lignite. One dis- 
tinguishing feature which serves to separate bituminous from the lower 
rank coals is that of weathering. Bituminous coals are only slightly 
affected chemically by weathering, unless exposed for years; and then, 
although the coal consists of small particles, each particle is a prismatic 
fragment, whereas coals of a lower rank break into thin plates parallel 
with the bedding. (M. R. Campbell, Prof. Paper 100-A, U. S. Geo- 
logical Survey.) Bituminous coals are either caking or non-caking. The 
former tend to form into a solid mass when heated in a retort or furnace, 
while the latter burn freely without fusing. Coals suitable for making 
commercial coke are called coking coals, but as certain grades of coke 
can be made from free-burning coals the term is somewhat of a misnomer. 
Practically all coking coals are of the caking variety, but the reverse is 
not necessarily true. The high-volatile coals of western Pennsylvania, 
eastern Ohio, eastern Kentucky, and parts of West Virginia, frequently 
grouped under the heading Pittsburgh coal,^^ possess caking qualities 
to a greater or less degree, but not to such an extent as the semi-bitumi- 
nous coals. The non-caking variety is generally known as free-burning 
and is found chiefly in the Western and Middle Western States. Caking 
coal is rich in volatile hydrocarbons and is valuable in gas manufacture, 
and constitutes a large percentage of the steam fuel used in the Eastern 
States. Michigan bituminous is free-burning, but has a considerable 
tendency to clinker. The coals found in Illinois, Indiana, and Missouri 
are practically all free-burning. Iowa coals arc of much lower grade 
than those just mentioned, because of their large moisture and ash content. 
Kentucky, Tennessee, and Alabama bituminous coals are high-grade 
and free-burning, although the coals from some localities in this district 
have a tendency to clinker badly. The high-volatile bituminous coals 
of Colorado, Wyoming, Washington, and Oregon include both caking and 
non-caking varieties. Specific gravity 1,2 to 1.4; fuel ratio 1 to 3. 

Cannel coal is a variety of bituminous coal found in a few small areas 
of several states. It has the highest hydrogen content of any coal, and 
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bums with a bright flame without fusing. It is seldom used for steam 
generation, but finds a ready market because of its usefulness in the en- 
riching of illuminating gas. Cannel coal differs greatly in appearance 
from all other bituminous coal, being homogeneous, with a black or 
giayish-black color and a dull, resinous luster. 

Splint coal is a non-caking bituminous coal of singular structure and 
low volatile content. It splits like slate along the seams, but breaks 
with difficulty on cross fracture. Because of its slaty structure, low 
volatile content, and slow ignition, it is little used for steaming purposes. 

Block coal is a variety of Indiana bituminous, laminated in structure 
and consisting of successive layers of coal, easily separated into thin 
sheets. It is used for both domestic and power plant service. See 
Table 2 for analyses of a number of typical specimens of bituminous coal. 

Coke may be prepared from almost any fuel containing carbon, but 
the greater part of the commercial product comes from the distillation 
of bituminous coking coals. Most of the coke produced to-day is used 
for metallurgical and gas-making purposes, although there is a steadily 
increasing demand for coke for domestic heating, and, to a limited extent, 
for steam generation in power plants. For the latter purpose, coke 
breeze (the fine refuse from the coke ovens, quenching tables, and grad- 
ing screens) is most commonly used. Dry coke is composed of practically 
pure carbon and ash, with small amounts of volatile matter and sulphur. 
Under ordinary conditions the moisture content ranges from 5 to 10 per 
cent, but this may be increased on exposure to as high as 25 per cent. 
The ash content of coke breeze varies from 10 to 35 per cent, depending 
upon the initial ash content of the coal used for making the coke, and the 
care used in preparation. Coke breeze is a low-priced, smokeless fuel, 
and is finding favor with engineers in large cities where smoke ordinances 
are rigidly enforced. It may be burned satisfactorily with forced-draft 
traveling-grate stokers fitted with non-sifting links, and on stationary 
grates of the pin-hole type using forced draft. 

The Coking of Coal at Low Temperatures: Trans. A.S.M.Pl, Vol. 50, May, 1928, p. 10. 

By-Product Coke and Coking Operation: Trans. A.S.M.Pl, Vol. .39, 1917, p. 897. 

Metallurgical Coke: Bureau of Mines, Tech. Paper No. 50, 1913. 

Smokeless fuel, manufactured from bituminous coal by a semi-coking 
process, has made its appearance on the market. Although the intro- 
duction of this fuel is a step toward the economic use of one of our greatest 
natural resources, only a small quantity of it is being produced. A 
typical fuel of this class, and one that demanded a great deal of attention 
during the war, is manufactured under the trade name of carbocoaL 

Coal Carbonization as Applied to Power Plant Practice: Power, May 29, 1923, p, 831. 

The Ectmomics of Cool Carbonization: Mech. Engrg.; Oct. 1927, p. 1055. 

DiiHUaHon Products of Coal: N.E.L.A., 1923 Report, Part A, p. 310. 
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16. Sub-bituminous. — This is the term adopted by the U. S. Bureau 
of Mines for what is commonly known as “ black lignite/^ This class of 
coal is not lignitic in the sense of being woody, but closely approaches 
the lowest grade of bituminous in structure and in heating value. Large 
deposits of sub-bituminous coal are found in the Western States, princi- 
pally in Colorado, Wyoming, Montana, New Mexico, Oregon, and Wash- 
ington. When sub-bituminous coal is exposed tc weather it slacks rapidly, 
the lumps becoming brittle and crumbling into fine particles. This 
property, in addition to the high moisture content, renders transportation 
unprofitable, and most of the fuel is mired for local use. Recent progress 
in the development of furnaces and stokers makes possible efficient com- 
bustion of this class of comparatively low-grade fuel. See Table 2 for 
analyses of typical samples of sub-bituminous coal. 

^ 17. Lignite, or Brown Coal, is a substance of more recent geological 
formation than coal, and represents a stage in development intermediate 
between coal and peat. Its specific gravity is low, 1.2, and when freshly 
mined it contains as much as 50 per cent moisture. It is non-caking, 
and slacks or crumbles on exposure to air. The lui .ps check and fall into 
small, irregular pi(H;es, with a tendency to separate into extremely thin 
plates. Lignite deteriorates greatly during storage or long transportation. 
As mined, it is a low-grade fuel with a heating value of about one-half 
that of good coal. Vast deposits of lignite are found in Texas, Montana, 
the Dakotas, and Alaska. Although it ranks among the lowest grades 
of fuel with which the combustion engineer must work, it can be efficiently 
burned in the raw state in specially designed stoker-fired furnaces, or, 
with the usual preparation, in powdered form. When properly treated 
and compressed into briquettes, lignite resists weathering satisfactorily, 
permits handling and transportation without excessive deterioration, and 
is practically smokeless. See Table 2 for analyses of typical samples of 
lignite. 

North Dakota Lignite as a Fuel for Power Plant Boilers: U. S. Bureau of Mines, Bui. 
2, 1910. 

Briquetting Tests of Lignite: U. S. Biureau of Mines, Bui. 14, 1911. 

Combustion of Lignites: Power, Apr. 8, 1919, p. 525; Dec. 16, 1919, p. 798: Com- 
bustion, Apr., 1923, p. 256. 

Lignite Char, 0. P. Hood, Mech. EngV’g., May, 1923. 

18. Peat, or Turf, is nothing more than decomposed or decomposing 
vegetable matter containing about 90 per cent of extraneous moisture. 
Because of its high water content, it is unsuitable for fuel until dried. 
Peat is little used in this country at present, though the deposits are ex- 
tensive and widely distributed, and its possibilities are beginning to at- 
tract the attention of engineers. It is estimated that there are 13 billicm 



44 


STEAM POWER PLANT ENGINEERING 


tons of peat on the 20 million acres of peat-bearing lands within the 
United States. When properly prepared and compressed into briquettes, 
peat is an excellent fuel, and its adoption as a boiler fuel in this form is 
merely a matter of cost. Excellent results have been obtained from the 
combustion of peat in the pulverized form. Table 2 gives the analyses of 
a few typieal samples of raw peat. The dry pulverized peat contains 
about 3 per cent moisture, 10 per cent ash, and 0.4 per cent sulphur, and 
has a heating value of 9000 to 10,000 B.t.u. per lb. 

Peat Resources of the U. S.: Combustion, Aug., 1922, p. 70. 

The Uses of Peat: U. S. Bureau of Mines, Bui. 16, 1911. 

Production of Peat Fuel: Combustion, Sept. 1922, p. 135. 

19. Wood, Wood Waste, Tanbark, Bagasse. — Wood, as utilized com- 
mercially for steam generating purposes, is usually a waste product 
from some industrial process. Thus, in the vicinity of lumber camps, 
undesirable tree trunks, boughs and branches constitute this waste, while 
in sawmills and woodworking establishments the refuse material is saw- 
dust, shavings, slabs, blocks and edgings. Chemically, there is very little 
difference between the various kinds of wood, but physically the variation 
is a wide one, particularly as regards the moisture content. The heating 
value of dry wood ranges from 7300 to 9900 B.t.u. per lb., and, contrary 
to general supposition, hard wood gives less heat than soft wood. Ordi- 
narily, the heating value of wood is considered equivalent to 0.4 that of 
bituminous coal, but this is a very rough rule since the moisture content 
greatly influences the amount of heat available for steaming purposes. 
In order to produce a fuel of more uniform size and one that is more readily 
handled, many mills “ hog ” or macerate the logs, slabs and stocks. The 
hogged wood, mixed with the sawdust and shavings, makes a very de- 
sirable form of fuel. The moisture content varies from 20 to 60 per cent, 
with an average of about 45 per cent. A cord of wood equals 4 by 4 by 
8 feet, or 128 cubic feet. From 55 to 75 per cent of this volume is solid 
wood, and the remainder interstitial spaces, the smaller value referring 
to sizes between 3 and 6 inches in diameter and the larger to “ timber ” 
cords. On account of loading, transportation, and storage limitations, 
wood waste is rarely burned, except at the mill or plant. Wood furnishes 
only a small part of the fuel used for power plant purposes. 

Hogged Fud: Power Plant Engineering, Apr. 15, 1922, p. 407. 

Burning Sawdust: Power, Dec. 31, 1921, p. 914. 

VtUizadion of Wood Waste as Fuel in Steam Power PlarUs: Mech. Engrg., July, 1925, 
pp. 645, 550, 552. 
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TABLE 3 

PHYSICAL AND CHEMICAL PROPERTIES OF WOOD AND ALLIED SUBSTANCES 
(Compiled from Various Government Publications) 


Wood 

] 

Weight per Cu. Ft. 

Gross Heat 
Value 
B.t.u. 
per Lb. 
(Kiln- 
Dned) 

Ultimate Analysis, Per Cent 
(Dry) 

Air Dried 

Green 





Lb. 

Ash, white 

42 

47 

8210 

49 73 

6.93 

43.04 

0 30 

Beech 

43 

54 

8263 

51. G4 

6.26 

41.45 

0 65 

Birch, white 

3S 

51 

7958 

49 77 

6.49 

43 45 

0.29 

Cedar, white 

21 

28 

7725 

48 80 

6.37 

44.46 

0.37 

Cypress 

Elm 

29 

47 

9078 

54 98 

6 54 

38 08 

0.40 

44 

53 

8105 

50 35 

6 57 

42 34 

0 74 

Fir 

27 

52 

8285 

52 32 

6 42 

41.23 

0.03 

Hemlock 

25 

49 

8000 

52.38 

5 91 

41.23 

0 48 

Hickory, shellbark 

57 

65 

7980 

49.67 

6.49 

43.12 

0.73 

Maple 

44 

58 

8414 

51.55 

6 61 

41.28 

0.56 

Oak, black 

42 

61 

7530 

48.78 

6 09 

44 98 

0.15 

red 

45 

65 

7988 

49 49 

6.62 

43.74 

0.15 

white 

48 

59 

8112 

5u 44 

6 59 

42 73 

0 24 

Pine, pitch 

white 

36 

54 

10420 

59 00 

7.19 

32.68 

1.12 

27 

39 

8176 

52 55 

6.08 

41 .25 

0.12 

yellow 

29 

49 

8836 

52 60 

7.02 

40.07 

0.31 

Poplar 

29 

49 

8211 

51 61 

6 26 

41.45 

0.65 

Corn (air dried) 

Straw (dry, compressed) 

(white) 

1 anbark 

56 lb. per bushel 

6-8 lb. per cu. ft. 

8160 

6500 

9500 

51.80 

6 04 

40.74 

1.42 


Kiln-dried wood has a moisture content of approximately 8 per cent; 
Air dried, about 12 to 15 per cent, and green wood 25 to 60 per cent. 


Charcoal is made from wood in much the same maimer that coke is 
made from coal. It is seldom used for steam generation except in plants 
where it is a waste by-product. 

Tanbark is the fibrous portion of bark remaining after its use in the 
tanning industry. The ultimate analysis of dr}' tanbark is practically 
the same as that of the wood from which it is taken, and its heating value 
in the dry state is about 9500 B.t.u. per lb. Tanbark, when removed 
from the vats, is very wet (moisture content about 65 per cent), and it is 
usually fed to the furnace in this condition. The net heat available for 
boiler service is very low because of the excessive moisture content, and 
is approximately 2700 B.t.u. per lb. Tanbark is an unimportant fuel 
because of its limited use. 

Tombarh as a Fuel: Trans. A.S.M.E., Vol. 29, 1909; Vol. 30, 1910. 
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Bagasse, or Megasse, as it is sometimes called, is refuse sugar cane 
and is used as fuel on the sugar plantations. The chief constituents are 
(1) fiber, (2) sucrose, glucose and other reducing sugars, and (3) water. 
The fiber content varies from 50 to 60 per cent of the total weight; the 
sucrose and other reducing sugars from an almost negligible quantity to 
10 per cent; and the water from 40 to 65 per cent. When bagasse is fired 
in the raw state, the gross heating value varies from 3600 to 4800 B.t.u. 
per lb., depending upon the moisture content. In the dry state, the 
heating value is approximately 8300 B.t.u. per lb. Bagasse is burned 
either in the raw state or after being wholly or partially dried. One ton 
of Louisiana sugar cane generates from 1.16 to 1.44 b.hp. It is thus seen, 
considering the thousands of tons of sugar cane raised, that bagasse is an 
important fuel in the sugar house. 

Bagasse as a Fuel: A.S.M.E., Vol. 39, 1917, p. 611. 

The Heat Value of Corn: Power, Aug. 8, 1922, p. 211. 

20. Cllnkering and Non-Clinkering Fuels. — Clinker is formed by the 
mechanical adhesion of the particles of ash or by the fusion of the ash 
itself. From the operating standpoint, the clinkering characteristics of 
a fuel are of greater importance than all others, with the possible exception 
of the caking, or so-called coking, properties. The standard ash- 
fusion temperature is taken as 2450 deg. fahr., with a variation of 50 
degrees plus or minus. If the ash-fusion temperatures are below 2400 
deg. fahr., the fuels are classified as clinkering, and if above 2500 degrees 
as non-clinkering. Hard clinker is formed by the direct melting of the 
ash or of some of its constituents. It hardens while in the ash on the 
grates. Soft clinker remains molten while on the grates, but hardens 
when its temperature is sufficiently reduced. All solid fuels containing 
ash will clinker when the rate of combustion is sufficiently high, but 
whether the resulting clinker is objectionable or not can be determined 
only by actual service test. Large amounts of non-adhering clinker are 
not particularly objectionable, while small amounts of pasty slag may 
give much trouble. There appears to be no definite relation between the 
chemical composition of the ash and its clinkering properties, because of 
the influence of such factors as construction of the furnace, combustion 
space, draft, cooling action of the grates, and the like. As a rule, ash 
that is high in silica contains little iron and will not fuse easily; but if the 
silica decreases and the iron increases, fusing will take place at a lower 
temperature. The curves in Fig. 9 give some idea of the relation of 
fusing temperature of ash to the percentages of silica, iron oxide, and sul- 
phur. The softening or fusing temperature, as determined in the labora- 
tory, is a measure of the clinkering quality of the fuel, as ash that gives 
a fusing temperature above 2700 deg. fahr. will rarely give trouble if the 
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coal is properly fired. In the anthracite coals and the lower and older 
bituminous beds, the ash is refractory (2600 to 3100 deg. fahr.), giving 
no trouble from fusion. The bulk of the Pennsylvania bituminous beds 
have medium ash fusibility (2200 to 2600 deg. fahr.). In the central and 
western region, the ash fuses readily (1900 to 2200 deg. fahr.). Clinker- 
ing fuels give the best results when handled on stokers that clear them- 
selves of ash continuously. With cok- 
ing coals, the fuel bed should be 
agitated during combustion; with free- 
burning coal it should not be disturbed. 

21. Calorific Power of Solid Fuels. — 

The heat liberated by the complete 
combustion of a unit weight of fuel is 
called the heating value, or calorific 
power, of the fuel. The only accurate 
method of determining this quantity 
for a solid fuel is to burn a weighed 
sample in an atmosphere of oxygen in 
a suitable calorimeter. An alternative 
method is to calculate the heating 
value from the ultimate analysis. 

Approximate results may be obtained 
from empirical formulas based upon 
the proximate analysis. 

Dulong’s formula is the generally accepted rule for calculating the 
heating value of coal. It is based on the assumption that all the oxygen 
in the fuel, and enough hydrogen to unite with it, are inert in the form of 
water, and that the remainder of the hydrogen and all of the carbon and 
sulphur are available for oxidation, thus: 

hd = 14,600 C + 62,000 (H - 0/8)+ 4000 S, ' (4) 

in which ha = heating value in B.t.u. per lb. of fuel. 
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Pusing Temperature of the Ash* 
Hundreds of Deg. Fahr. 


Fig. 9. Curves showing Relation of 
Fusing Temperature of Ash to Per- 
centage Content of Silica, Iron 
Oxide, and Sulphur. 


C, H, 0 and S refer to the proportion by weight of carbon, hydrogen, 
oxygen, and sulphur in the fuel. 

Heating values calculated by means of Dulong^s formula fail to check 
with calorimetric determinations, because 

(1) The heating values of the elements, carbon, hydrogen, and sul- 
phur, are not accurately established and the true values may depart 
somewhat from those given in the formula. 

^ In the fuel bulletins of the U. S. Geological Survey and the Bureau of Mines, 
Dulong’s formula is stated: 

hd = 14,544 C + 62,028 (H - 0/8) + 4050 S. 
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(2) The heating value of an element in a chemical compound is, not 
necessarily that of the same element in the free state, because of absorp- 
tion or evolution of heat during formation of the compound. 

(3) The oxygen content in the ultimate analysis is determined by 
difference. This method throws the summation of all the errors in- 
curred in the other determinations upon the oxygen. Furthermore, the 
assumption that all of the oxygen is combined with hydrogen to form 
water is not true, since some of the oxygen may be combined with carbon. 

However, in spite of these objections, extensive investigations show 
that Dulong^s formula gives results which agree substantially with calo- 
rimetric determinations for all ordinary coals. With lignite, wood, and 
other fuels high in oxygen, and with some fuels high in hydrogen, such 
as cannel coal, the results are not reliable and may be considerably in 
error. 

Numerous attempts have been made to establish empirical formulas 
for calculating the heat value from the proximate analysis, but the re- 
sults have been decidedly discordant. Many of these rules give con- 
sistent results when applied to certain classes of fuels or to fuels from a 
given district, but as general laws they may lead to serious error. 

In this connection may be mentioned the investigations of Mahler,^ 
Lord and Haas,^ Parr and Wheeler,'^ Goutal,^ and Kent.® 

When a series of tests is being made with a view of improving efficiency, 
it is of considerable importance to have the results of each test immedi- 
ately after completion of the run, in order that the information gained 
may be used in the succeeding tests. For this reason it is particularly 
desirable to determine the heating value of the coal and “ cinders ” with 
as little delay as possible. If the source of the coal supply is known, the 
simplest, and a fairly accurate method, is to assume a fixed heat value 
for the combustible. This may be obtained from results of previous 
tests or from results published by the Bureau of Mines. For example, 
the average heat value of the combustible for a number of Illinois coals, 
as compiled from Government reports and other sources, is 14,300 B.t.u. 
per lb. With the exception of a very few samples, the actual heating 
value varied less than 2 per cent from this average and the maximum 
departure did not exceed 3 per cent. Extensive experiments conducted 
in the power plant laboratory of Armour & Company, Chicago, Illinois, 
show that the heat value of the combustible in the refuse or clinkers is 

‘ Steam Boiler Economy, R. T. Kent. John Wiley & Sons, Inc., 1915, p. 143. 

* Trans. A.S.M.E., Vol. 27, 1897, p. 259. 

• Illinois University Engineering Experiment Station, Bui. 37, 1909. 

♦ Comptes Rendus de LAcademie des Sciences, Vol. 135, p. 477. 

» Trans. A.S.M.E., Vol. 36, 1914, p.l89. 
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practically that of the combustible in the fuel, averaging 14,100 B.t.u. 
per lb. for Illinois coals. 

The heating value of any fuel may be determined from the proximate 
analysis, with a fair degree of accuracy, ];y calculating the ultimate analy- 
sis, as shown in the preceding paragraphs, and applying Dulong^s formula. 

Calorimetric determinations are necessary in all cases where accuracy 
is required. 

Example 6. — Approximate the heat values for the Illinois coal (analy- 
sis as in Example 1) from the calculated ultimate analysis. 

Solution. — Proceed as in tabular chi L*t. 



B.t.u. per 

Lb. of Coal 
as lioceived 

Departure from 
Calorimeter 
Determinations 
Per Cent 

1. Assuming a fixed heat value for the combustible 
h = 14,300 X 0.8163 

11,674 

-2.36 

2. Calculated from Diilong’s formula: 

* (a) h = 14,600 X 0.65 + 62,000 X 0.0326 -f 4000 

X 0.028 

11,623 

-1.96 

t (6) A = 14,600 X 0.082 + 02,000 

(0.0435 - 0.0775/8) 

12,053 

-fO.80 

t (c) h = 14,600'X 0.6055 + 02,000 

(0 0428 - 0.0751/8) + 4000 X 0.0197. . . . 

11,869 

-0.76 

3. Actual value from calorimnter test 

11,957 

0 00 


• (a) Ultimate iiual>si8 calculated from average analyaia of Illinoia coals. See Example 4, 
t (i») Ultimate analysis calculated from proximate analysis (Equations (1) to (3). 
t (c) Ultimate analysis from chemical tests. 


22 . Size of Coal. — Coni is marketed in different sizes, varying from 
lump to screenings. T he latter furnish by far the greater part of the 
stoker fuel used. The sizes and grades vary so much, according to kind 
and locality, that there are no generally recognized standards. The 
standards recommended by the A.S.T.M. and A.S.M.E, are given in 
Tables 4 and 5. 

Specific Gravity Studies of Illinois Coaly Univ. of 111., Bui. No. 44, July 3, 1916. 

Weight of Various Coals: Bureau of Mines, Tech. Paper, No. 184, 1918. 

For maximum efficiency, coal should be uniform in size. With hand- 
fired furnaces there is usually no limit to its fineness, and larger sizes can 
be used than with stokers. As a rule, the percentage of ash increases as 
the size of coal decreases. This is due to the fact that all of the fine 
foreign matter separated from larger coal, or which comes from the roof 
or the floor of the mine, naturally finds its way into the smaller coal. 
The size best adapted for a given case is dependent upon the intensity of 
draft, kind of stoker or grate, and the method of firing, and its proper 
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TABLE 4 

ANTHRACITE COAL SIZES 
A.S.T.M. Standard 


Trade 

Name 

Diam. of Opening 
Through or Over 
Which Coal Will Pass. 
Inches 

Trade 

Name 

Diam. of Opening 
Through or Over 
which Coal Will Pass, 
Inches 


Through 

Over 


Through 

Over 

Broken 



Buckwheat #1 (Buckwheat) 

i 


Egg 



Buckwheat #2 (Rice) 

i 

A 

Stove 

Chestnut 

Pea 



Buckwheat #3 (Barley) .... 
Culm 


iV 


TABLE 5 

BITUMINOUS COAL SIZES 
A.S.M.E. Standard 


Trade 

Name 

Diam. of Opening 
Through or Over 
which Coal Will Pass, 
Inches 

Trade 

Name 

Diam. of Opening 
Through or Over 
which Coal Will Pass, 
Inches 


Through 

Over 


Through 

Over 


Eastern Coals 


Run of Mine 

As Mined 

Nut 

U 

i 

Lump 

... 1 li 

Slack 

3 

4 



Western Coals 


Run of Mine 

As Mined 

• 

N ut 3-in 


li 

Lump, 6-in 


6 

Nut IJ-in 


i 

Lump, 3-in 


3 

Nut i-in 


I 

Lump, li-in 


li 

Screenings 




Franklin Co., III. Standard 


Small egg (#1) . 

Stove (#2) 

Chestnut {§&) . 


3 

2 

Pea (#4) , 

i 

2 

li 

Carbon (jf6) 

i 

li 

i 




i 

















FUELS 


51 


selection often affords an opportunity to effect considerable economy. 
The influence of the size of screenings on the capacity and efficiency of a 
boiler in a specific case is illustrated in Fig. 10. The curves are plotted 
from a series of tests conducted with Illinois screenings on a 500-hp. 
B. & W. boiler, equipped with chain grates, at the power house of the 
Commonwealth Edison Company. For sizes of washed coal see para- 
graph 23. 

Selective Preparation of Boiler Fuel: Combustion, Feb. 1923, p. 98. 
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23. Washed Coal. — Coal is washed for the purpose of separating 
from it such impurities as slate, sulphur, bone coal, and ash. All of 
these impurities show themselves in 
the ash when the coal is burned. 

Screenings contain anywhere from 5 
per cent to 25 per cent of ash and 
from 1 per cent to 4 per cent of sul- 
phur. Washing eliminates about 50 
per cent of the ash and some of the 
sulphur. The evaporative power of 
the combustible is practically unaf- 
fected by washing, and the greater 
part of the water taken up by the 
coal is removed by thorough drainage. 

Many coals, otherwise worthless as 
steam coals, are rendered marketable 
by washing. There is no recognized 
standard of sizes for washed coal, 
the sizes and grades varying accord- 
ing to kind and locality. The following sizes apply to Williamson County 
only, but give some idea of the average dimensions for other localities: 


600 ^ 

J 

200 20 § 
16 ^ 
10 


I 


0.26 


Fig. 10. Influence of Size of Coal on 
Boiler Capacity and Efficiency. 



Through 

Over 

No. 1 

3 -in. round holes 

l}-in. round holes 

2 

11-in. 

1 -in. “ 

3 

1 -in. 

J-in. “ 

4 

J-in. 

i-in. 

5 

i-in. ‘‘ 


Washing & Preparation of Coal: Trans. A.S.M.E., Vol. 50, No. 38, Dec., 1928. 


24. Selection and Purchase of Coal. — Perhaps no single item in the 
operation of an existing plant, or in the design of a new plant, affords 
such an opportunity for effecting economy as the selection of fuel. Care- 
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ful investigations have shown that almost any fuel can be eflSciently 
burned in suitably designed special furnaces; therefore the problem of 
selecting a fuel for a proposed installation requires experience with the 
different kinds of equipment, in addition to a thorough knowledge of the 
characteristics of various fuels. For existing plants, the problem is largely 
a matter of testing. In many cases it has been found advisable to rede- 
sign furnaces to utilize a low-grade fuel rather than to purchase an ex- 
pensive coal. The following information is useful in deciding on the coal 
best adapted for a plant: 

a. Type and size of boilers and furnaces. 

b. Load conditions, average and maximum loads. 

c. Draft available and method of control. 

d. Character of coals offered or available. 

1. Moisture and its effect on weight of combustible. 

2. Volatile matter and its relation to type of furnace. 

3. Ash; its amount and its fusibility and tendency to clinker, 

4. Sulphur; the amounts and how combined. 

5. Heating value, calorimeter determination. 

6. Coking qualities of the coal. 

7. Storage and tendency to spontaneous combustion. 

e. Relation of the size of coal to the ecjuipmcuit. 

After the desired grade of fuel has been decided upon, the next step is 
to enter into an agreement with the dealer whereby the delivery of that 
particular fuel may be depended upon. The important items to be con- 
sidered in the specifications are: 

а. A statement of the amount and character of the coal desired. 

б. Conditions for delivery. 

c. Disposition to be made of the coal in case it is outside the limits specified. 

d. Correction in price for variation in heating value and in moisture 
and ash content. 

6. Method of sampling. 

/. By whom analyses are to be made. 

In specifying the character of the coal desired for the average small 
plant, every essential requirement of the purchaser may be fulfilled by 
confining the specifications to the four following characteristics: 

Moisture, 

Ash, 

Size of coal, 

Calorific power of coal. 

Factors Covering the Purchase of Coal: Mech. Engrg., Oct., 1927, p. 1063. 
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Although moisture is a great and uncertain variable, and the producer 
can exercise no control over this factor, the purchaser should protect 
himself against excessive moisture by stipulating an amount consistent 
with the average inherent moisture in the coal, and proper penalty should 
be fixed for delivery in excess of the amount allowed, a corresponding 
bonus being paid for delivery of less than contract amount. Consider- 
able attention should b() given to the pcrccuitage of earthy matter con- 
tained. The amount of earthy matter usually fixes the heating value of 
the coal, since the heating value of the combustible is practically constant. 
The effect of ash on the fuel 
value of Illinois s(;recnings, as 
fired under a B. & W. boiler 
with chain grate, is shown in 
Fig. 11. This value varies 
with the different types of 
boilers, grates, and furnaces, 
but is substantially as illus- | 
trated. The amount of refuse « 
in the ashpit is always in | 
excess of the earthy matter as | 
reported by analysis, except S 
where the amount carried 
beyond the bridgewall is very 
large. 

The maximum allowable 
amount of sulphur is some- 
times specified, since some 
grades of coal that are high Per cent of Ash in Dry Coal 

in sulphur cause considerable Influence of Ash on Fuel Value of 

clinkering. Sulphur, however, 

is not always an indication of a clinker-producing ash, and a more rational 
procedure would be to classify a coal as clinkering or non-clinkering ac- 
cording to its behavior in the particular furnace in question, irrespective 
of the amount of sulphur present. An analysis of the various constit- 
uents of the ash is necessary to determine whether or not the sulphur 
unites with them to produce a fusible slag; and as such analyses are 
usually out of the question on account of the expense attached, they 
may well be omitted. Ash fuses between 2000 and 3000 deg. fahr., and 
if the formation of objectionable clinker is to be avoided the furnace must 
be operated at temperatures below the fusing temperature. Several large 
concerns insert an “ash fusibility” clause in their coal specifications. 

The heating value of the coal, as determined by a sample burned in an 
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atmosphere of oxygen, does not give its commercial evaporative power, 
since this depends largely upon the composition of the fuel, character of 
grate, and conditions of operation. It serves, however, as a basis upon 
which to determine the efficiency of the furnace. In large plants where a 
number of grades of fuel are available, it is customary to conduct a series 
of tests with the different grades and sizes, and the one that evaporates 
the most water for a given sum of money, other conditions permitting, is 
the one usually contracted for. 

Powdered Fuels. — From the standpoint of convenience' in handling, 
efficiency of combustion, flexibility in operation, and smokelessness, gas 
is the ideal boiler fuel. Air laden with minute particles of solid combustible 
matter has many of the characteristics of gas and may be burned in much 
the same manner. All solid fuels which permit of being ground into 
powder may be used as the combustible component of this mechanical 
gas. Fuels ranging from high-grade West Virginia and Kentucky coals 
to low-grade Iowa coal, lignites, Pocahontas slack, mixed anthracite and 
bituminous dredged from river beds, anthracite fines and low-grade 
bituminous screenings are being burned successfully in this manner in 
large central stations and in small industrial plants. In fact, some grades 
of fuel which are burned with only moderate success in bulk may be effi- 
ciently consumed in powdered form. 

While solid fuels may be purchased in the open market in powdered 
form it is customary practice to prepare the powdered product in a special 
plant at the point of consumption. Two classes of plants are in common 
use: (1) the storage or bin system in which the fuel is prepared centrally 
in a separate plant, stored and then transported to the individual furnaces, 
and (2) the unit system in which each steam generating unit is provided 
with an individual mill. The central preparation plant with its coal 
driers and connections, powdered-fuel transport and distributing system, 
powdered-fuel storage bins, feeders and controls requires additional 
building space and is higher in first cost than a unit system of the same 
capacity. This may be offset, however, by the better control of dryness 
and fineness in the central systems and the opportunity of shutting off the 
pulverizing mills during peak loads. There is still a predominance of the bin 
^tem for large installations, but the tendency is more and more toward 
the unit system. The unit system is universal for small industrial plants. 

While the burning of powdered coal has made tremendous headway in 
both central stations and industrial plants, and remarkable performances 
have been recorded, the powdered fuel system is not a universal remedy 
for poor furnace conditions, low capacity and boiler-room evils in general. 
The modern stoker is still a formidable competitor and particularly so 
with high-grade, low-ash, low-moisture, low-sulphur Eastern coals. Hand- 
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firing also has its field of application. The choice of firing system is a 
product of many variables and involves the performance of the entire 
station and not merely that of the fuel system itself. Some of the ad- 
vantages of burning fuel in the powdered form are: 

(а) Complete combustion with minimum air excess. This is due primarily 
to the ease with which the oxygen of the air is brought into intimate con- 
tact with the tiny particles of fuels and the practicability of using air at the 
maximum temperature available from the standard types of air preheaters. 

(б) High furnace efficiency and capacity. With suitably designed com- 
bustion chamber intense turbulence of the furnace gases can be used, and 
all of the combustion space made effective to the full extent. Intense 
turbulence produces effective mixing and causes rapid combustion so that 
the average rate of heat liberation can be greatly increased with nearly 
complete combustion. This increased rate of heat liberation permits the 
use of a smaller furnace, or higher capacity for a given furnace. Rapid 
combustion causes high furnace temperatures and high furnace tempera- 
tures, in turn, increase the rate and efficiency of heat absorption. With 
neither air preheater nor economizer, and burning undried coal having 
9 per cent moisture and 15 per cent ash, boiler and furnace efficiencies of 
84 to 87 per cent have been achieved and, with economizer and air pre- 
heater, monthly overall efficiencies of 90 per cent arc not uncommon and 
95 per cent has been reached for brief periods under favorable conditions. 
Continuous operation at 500 per cent capacity is not unusual and loads 
corresponding to 1000 per cent rating and over have been carried for short 
intervals. 

(c) A cheaper grade of fuel may he burned. In fact, some grades of fuel 
which are burned with only moderate success in bulk may be efficiently 
consumed in the powdered form. With stokers and hand-firing, the 
boiler, furnace, and grate efficiency drops off with the decrease in heat 
value of the fuel, but such is not the case with the powdered product. 
Powdered fuel practically eliminates loss of combustible in the ashpit. 

(d) The fuel and air supply may be readily controlled to meet the fluctuor 
tions in load. A heavy overload can be quickly taken on, or dropped, 
without the waste of fuel that frequently occurs under like conditions in 
stoker practice. During banked periods no fuel is fired. Both the stack 
damper and auxiliary air inlets may be closed tightly; hence no air flows 
through the furnace. The standby losses are reduced to a minimum. 

The factors which must be considered in connection with powdered 
fuel, and which may affect the problem of selection are: 

(1) Firsi cost. A comparison of the initial cost of the fuel preparation 
and fuel firing portion of a powdered-fuel and a stoker-fired plant is with- 
out purpose except where such equipment is to be installed in a plant 
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akeady built; and even then, it may be of little value because of the effect 
which each system of firing may have on capacity, overall steam-generator 
efficiency, flexibility of operation, refuse disposal, and the like. The only 
true criterion is ,the ultimate cost of evaporation including fixed and 
operating charges of the entire boiler room equipment. In a general sense 
the first cost of a central or storage system of powdered fuel burning is 
higher than that of a stoker-fired plant irrespective of the size of the station, 
while that of the unit system is substantially the same. 

(2) Size of plant. The minimum size of boiler plant which can be 
operated more economically as a pulverized-fuel plant than as a stoker- 
fired plant depends upon whether the fuel is prepared in a central or unit 
plant. For the central plant this minimum has been placed as low as 500 
and as high as 3000 b.hp. rated capacity. Unit plants as small as 100 hp. 
are purported to give economical returns on the investment. The market 
price of the equipment, cost of fuel, power and labor, kind of fuel, and the 
load factor of the plant are the controlling elements. 

(3) Space requirements. The extra space required to take care of a 
central fuel-preparation plant may prove an obstacle to the installation of 
such a plant; but a study of the latest powdered-coal central stations will 
show that in a modern boiler room, specially designed for powdered fuel, 
the entire apparatus may be compactly housed. No additional building 
equipment is required for the self-contained unit system. 

(4) Cost of preparing powdered fuel. There is no question but that the 
cost of preparing and feeding raw crushed fuel to a stoker is less than that 
required to prepare and deliver the powdered product to a dust-firing 
furnace, but when all the factors entering into the production of energy 
are given their proper weight, the advantage may lie entirely with the 
latter. The factors which influence the cost of preparation arc : the kind 
and physical condition of the fuel, desired fineness of the powdered product, 
type and size of preparation plant, cost of fuel, labor and power, and the 
load factor. Considering the number of variables entering into the cost 
it is apparent that general figures are only of academic value. The energy 
required to operate crushers, pulverizers, driers, fans, conveyors, etc., in a 
central preparation plant ranges from 15 to 30 kw-hr. per ton with an 
average of 20 kw-hr. The total cost of preparation and conveying, includ- 
ing maintenance, but exclusive of fixed charges, ranges from 18 to 45 cents 
per ton; including fixed charges, the range is 25 to 60 cents per ton. With 
unit pulverizers the spread is wider because of the great range in capacities 
for which these systems are designed and the' extreme diversity in the 
principles of design. 

(5) Maintenance, The maintenance cost of the fuel preparation and 
firing equipment of a modern powdered-fuel burning plant is substantially 
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the same as that of a stoker-fired plant of equivalent size. Much trouble 
has been experienced in the past because of the rapid destruction of furnace 
refractories and because of the slagging of ash with fuels having a low 
fusion point, but the latest installations show that these difiiculties have 
been largely overcome. 

(6) Ash and dust discharge into the atmosphere. The furnace gases 
leaving the boiler arc heavily charged with ash and the discharge from the 
cyclones contains considerable fuel dust. The material leaving the boiler 
is very fine and flocculent, contains practically no soot, and remains sus- 
pended in the air so that it is not likely to be a public nuisance, but the 
discharge from the cyclones is very objectionable. Electric precipitation 
and cinder-vane vanes have been employc'd successfully for removing the 
ash and washii^ systems have partly solvt‘d the cyclone nuisance. 

^ Pulverized Fuel: Prime Movers Report, N.E.L.A., No. 278-85, Aug., 1928. Com- 
bustion, Jan., 1928, p. 31. Trans. A.S.M.K., Vol. 50, No. 33, Dec., 1928. 


LIQUID FUELS 

26 . General. — Any combustible liquid may be burned efficiently in a 
properly designed furnace. Liquid fuels offer many advantages over 
solid fuels from the operating standpoint, as will be shown later, but, 
with the exception of mineral oils, they are usually too costly for steam 
generation in stationary plants. VegotabI(5 and animal oils, and even 
alcohol, have been buriKul commercially in power plant furnaces, but only 
under unusual conditions. Mineral oil, or petroleum, furnishes by far 
the greater part of the liciuid fuel used for power and heat generation. 
Approximately 50 per cent of the annual production of mineral oil is 
available as fu(d, but improved processes of cracking ” arc resulting in 
larger yields of gasoline and the lighter distillates, so that the percentage 
of residue or fuel oil is becoming less as the art of cracking progresses. 
Oil has been recognized for years as the paramount fuel of marine service, 
and particularly of navy requirements, and so vital has its use become in 
this direction that it plays an important part in the policies of nations, 
and is a matter of international concern. Of course, there is always a 
possibility that new fields may be opened up, or that oil may be econom- 
ically produced from oil-shale lignite, or coal, or from industrial by-prod- 
ucts; but it is doubtful if the ultimate quantity will ever be great enough, 
or cheap enough, to compete seriously with coal for statioimry plants 
within coal-producing zones. Oil will be used where it is the most com- 
mercially efficient source of heat and power, because of absence or inade- 
quate supply of cheaper fuels, and where the use of oil as fuel represents 
an economical means of disposing of excess accumulations of crude oil, 
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residue, or distillates. The use of fuel oil for domestic heating and other 
low-pressure steam generators is rapidly increasing, but the factors to be 
considered in this connection differ widely from those affecting the large 
power house. 



Fig. 11a. Oil-field Groups of tho United States. 


87. Source of Oil-fuel Supply. — Most of the oil fuel consumed in the 
United States is a by-product of the manufacture of gasoline from crude 
oil, though some of the lower grades of crude oil are burned as mined, 
with only a small amount of “ topping.” The greater part of the supply 
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Fig. 12. Estimated Production of Fuel Oil During 1926 in the United States. 


is of domestic production, notwithstanding the large quantity imported 
from Mexico. A rough indication of local availability of oil fuels to con- 
sumers is found in the monthly reports of the U. S. Bureau of Mines, in- 
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eluding stocks on hand at refineries. Many centers of distribution, 
however, are remote from refineries. Tar and tar-oil obtained as a by- 
product from gas works, petroleum distilleries, and coke ovens, are ex- 
cellent fuels and may be burned in much the same manner as fuel oils. 
Because of the valuable “ coal-tar products obtainable from the crude 
tar, it is questionable if the cost will be low enough to permit its use as a 
boiler fuel, except possibly in the immediate /icinity of the producing 
plants. 

28. Physical and Chemical Properties of Oil Fuels. — Petroleum, or 
crude oil, as pumped from the wells, c jiisists principally of carbon and 
hydrogen, together with small amounts of oxygen, sulphur, nitrogen, 
water in emulsion, and silt. The oxygen and nitrogen may be classified 
with the moisture and silt as inert impurities. The sulphur, though 
combustible, has a low calorific value and is otherwise undesirable. It is 
common practice to divide crude oils into three general groups, as (1) 
paraffin-base, (2) intermediate-base and (3) asphalt-base. This classi- 
fication is one that is not always applied accurately, nor are authorities 
agreed as to what properties are characteristic Ox the several groups. 
E. W. Dean, Petroleum Chemist, of the U. S. Bureau of Mines, believes 
that the determining factor which should be accepted is the relative con- 
tent of hydrocarbons of two distinct chemical series. On this basis it may 
be stated that paraffin-base crudes are those containing relatively high 
percentages of aliphatic hydrocarbons (the aliphatic series includes the 
so-called paraffins) and low percentages of cyclic hydrocarbons (the 
naphthenes are cyclic hydrocarbons). Naphthene-base crudes contain 
relatively high percentages of cyclic and low percentages of aliphatic 
hydrocarbons. Intermediate-base crudes are, as the name indicates, 
intermediate in properties between the two extreme classes. 

The most clearly defined property that serves to differentiate the classes 
is that of gravity. Paraffin-base products of a given boiling range have 
low specific gravities (high Baum6* gravities), whereas naphthene-base 
distillates of the same volatility have high specific gravities or low Baum4 
gravities. The property of viscosity also serves as a distinguishing 
quality, as paraffin-base oils have lower viscosities than naphthene-base 
products of the same volatility. This is in line with the generally recog- 
nized fact that naphthene-base oils have lower flash points than paraffin- 
base oils of the same viscosity. From Table 6, it will be seen that the 
ultimate chemical constituents of the various grades and classes of mineral 
oils vary but slightly, while the physical properties vary widely. For 
example, the crude oils analyzed in the Table differ greatly in volatility, 
specific gravity, and viscosity, but have approximately the same percent- 
ages of carbon and hydrogen. 

1 “Deg. A.P.I.“ and “Deg. Baum6'' are practically identical. See par. 327. 
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TABLE 6 


PHYSICAL AND CHEMICAL PROPEHTIES OF TYPICAL OIL FUELS 


Arraiigod Accortling to Baum6 Gravity 




Physical Properties 


Kind of Fuel 

Gravity 

Flash 

Point, 

Deg. 

Fahr. 

Open 

Cup 

Viscosity 

BaumC 
at 60 
Deg. 
Fahr. 

Specific 

60/60 

Say bolt 
Sewnds 
at 70 Deg. 
Fahr. 

Crude oils 

Western field . . . 

14.37 

0 970 

192 

387 


Do 

16.34 

0 957 

172 

380 


Do 

17.52 

0.950 

230 

250 


Mid-continent . . 

20.00 

0.933 

273 

220 


Do 

22.17 

0.920 

180 

198 


Do 

24.00 

0.909 

264 

188 


Eastern 

31 70 

0.866 

102 

165 


Do 

40.10 

0.823 

78 

112 


Fuel oils 

Mexican 

10 00 

1 000 

Closed 

Cup 

374 

322 * 

Do 

11.82 

0 987 

310 

300 * 

Do 

14 20 

0.971 

208 

92 

• 

Mid-continent . . 

16 60 

0 955 

190 

74 - 

• 

Western 

18.00 

0 946 

186 

750 


Mid-continent . . 

22 10 

0 920 

181 

as9; 


Do 

24 35 

0 907 

179 

350 : 


Do 

28.26 

0 884 

175 

290 ; 


Do 

32 00 

0 864 

160 

76 


Do 

35.70 

0 845 

154 

42 : 


Gas oil 

16.10 

0 958 

195 

98 


Oil tar 


1 150 

485 

418 


Coal tar 


1 250 

530 

490 ' 


Kerosene, 150 deg. 

47 00 

0.791 

no 




• At 250 deg. fahr. t At 220 deg. fahr. 


Chemical Properties 


80 11 


H 

0+N 

S 

B . t . u . 
per Lb. 

11.37 

0.84 

1.06 

18,478 

11.61 

0.74 

0.82 

18,613 

11.30 

1.14 

0.60 

18,727 

11.21 

2.06 

0 . C 7 

19,440 

10.90 

2 87 

1.63 

19,060 

11.37 

0.19 

0.41 

19,650 

12.37 

1.02 

0.13 

19,890 

14.80 

1 

3.20 

0.10 

20,300 

7.58 

1.00 

3.28 

17,500 

9.36 


3.16 

18,060 

10.31 


3.94 

18,260 

10.16 

3!74 

2.83 

18,427 

11.81 

1.20 

0 67 

18,790 

> 12.41 

3.83 

0.59 

19,430 

1 13.07 

1.12 

0.15 

19,235 

1 13 70 

1 40 

0.37 

19,312 

13 09 

2 05 

0.36 

19,511 

13 21 

1.09 

0.32 

19,627 

9 05 

3.06 

0.30 

16,960 

1 6.13 

0.22 

0.33 

17,300 

) 4.95 

5 27 

0.56 

15,800 

i 14.33 

0.51 


19,922 


t At 100 deg. fahr. 


Very little crude is burned as mined. The average fuel oils in the 
Middle West are those which are classified according to their Baum6 
gravity as 24/26, 26/28, 28/30 and 30/32. The Mexican fuel oils on 
the Gulf and Atlantic Coast are practically all 10/12 and 14/16 gravity. 
The ultimate analyses (per cent by weight) of these oils are substantially 
as follows: 



28/36 Baum6 

22/28 Baum6 

14/22 Baum6 

10/12 Baum6 

Carbon 

84.0 

85.0 

86.0 

87.0 

Hydrogen 

13.0 

12.0 

11.0 

9.6 

Sulphur 

0.3 

0.5 

0 . 8 * 

1 . 1 * 

Nitrogen 

0.2 

0.2 

0.2 

0.2 

Oxygen 

1.0 

1.0 

1.0 

1.0 

Water 

0.2 

0.6 

1.0 

1.2 


* The sulphur wntent of some fuel oils, ootably those from Meiieo, is as high as 4 per cent. 
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The “ Flash, Fire,'' and viscosities are approximately as follows: 


Gravity 

Flash 

Fire 

Viscosity, Saybolt Sec- 
onds at 100 Deg. Fahr. 

B.t.u. 
per Lb. 

10/12 

400 

430 

320* 

18,000 

14/16 

300 

325 

100* 

18,430 

24/26 

185 

220 

350 

19,290 

26/28 

170 

205 

305 

19,330 

28/30 

16.5 

190 

215 

19,410 

32/36 

155 

175 

41 

19,610 


* 250deg.fahi. 


TABLE 7 

RELATION BETWEEN A.P.I. fJRAVlTY AND WElCiRT PER BARREL AND PER GALLON 


De|l^ 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 


Specific 

Gravity 

60760 “ 


1.0000 
0.9930 
0.9861 
0.9792 
0 9725 
0.9659 
0.9593 
0.9529 
0 9465 
0.9402 
0.9340 
0 9279 
0.9218 
0 9159 
0.9100 


Weight , 
per 

Barrel 


349 8 
347 3 
344 9 
342 5 
340 2 
337 8 
335 5 
333 3 
331 0 
328 9 
326 7 
324 5 
322 4 
320 3 
318 3 


Pounds, 

per 

Gallon 


8 328 
8 270 
8 212 
8 155 
8 099 
8 041 
7 989 
7 935 
7 882 
7 830 
7 778 
7 727 
7 676 
7 627 
7.578 


Degrt'es 
A P.I. 


25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

as 

39 


Spi'oifir 

Gravity 

60760 " 


0 9042 
0 8984 
0 8927 
0 88 . . 
0 8816 
0 8762 
0 8708 
0 8654 
0 8602 
0 8550 
0 8498 
0 8448 
0 8398 
0 8348 
0 8299 


Weight, 

per 

Barrel 


316.2 
314 2 
312 2 
310 2 
308 3 
30(5 4 

301 5 

302 7 
300 8 
299 0 
297 2 
295 4 
293 7 
291 9 
290 2 


Pounds, 

per 

Gallon 


7.529 
7.481 
7 434 
7 387 
7.341 
7.296 
7.251 
7.206 
7 163 
7 119 
7 076 
7 034 
6 993 
6.951 
6.910 


TABLE 8 

COMPARATIVE HE.\T VALUES OF SOLID FUELS AND FUEL OIL 


Heat Value of 
Solid Fuel 
B.t.u. per Lb. 

Lb. of Solid Fuel Fiqual to One Barrel 
of Oil 

Barrel of Oil Equal to 1 Ton (2000 Lb.) 
of Solid Fuel 

B.t.u. per Lb. 
18,500* 

B.t u per Lb. 
10,500t 

B t u. per Lb. 
18,500* 

1 

B.t.u. per Lb. 
19,500t 

6000 

1048 

984 

1.91 

2.07 

7000 

900 

843 

2 23 

2.37 

8000 

787 

7.38 

2 54 

2.71 

9000 

700 

656 

2 86 

3.05 

10000 

629 

590 

3 18 

3.38 

11000 

572 

5.36 

3.50 

3.73 

12000 

524 

492 

3 82 

4 14 

13000 

484 

454 

4.13 

4.41 

14000 

448 

421 

4 45 

4.75 

15000 

419 

393 

4.77 

5.08 


• About 16 deg. Baum6. t About 32 deg. Baum6. 
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Fuel oil is usually measured in terms of barrels of 42 gals., at a standard 
temperature of 60 deg. fahr. One barrel of oil weighs from 310 to 350 lb., 
according to the specific gravity. Compared with coal, oil occupies 
about 50 per cent less space and is approximately 35 per cent less in weight 
for equal heat value. For rough estimation, the coefficient of expansion 
of fuel oil may be taken as 0.0004 per degree fahrenheit. For exact values, 
see Density and Thermal Expansion of American Petroleum Oils, Circular 
No. 57, and Technologic Paper No. 77, U. S. Bureau of Standards. 

PreBerd Status of Oil Fuel: Combustion, Jan., 1923, p. 32. 

Manual for OH and Gas Operation: Bui. 232, 1923 Bureau of Mines. 

29. Calorific Power of Oil Fuels. — The true heating value of liquid 
fuels can be found only by direct calorimeter measurements. For rough 
approximations, Dulong^s formula may be used, but this requires a knowl- 
edge of the ultimate constituents of the fuel. Empirical rules based on 
specific gravity appear to give fairly consistent results, but no one rule is 
applicable to all liquid fuels. For California anhydrous crude oils, Prof. 
J. N. Le Conte gives the following: 

B.t.u. per lb. = 17,680 + 60 B (5) 

in which B = degrees Baum6 at 60 deg. fahr. 

Another rule given by Sherman and Kropff, purporting to be applicable 
within an error of 2 per cent to all liquid petroleum products, is: 

B.t.u. per lb. = 18,650 + 40 (B - 10) (6) 

Other things being equal, oils rich in hydrogen have a higher calorific 
value per pound than those rich in carbon, but a lower value per gallon. A 
barrel of heavy crude oil will, therefore, have a higher heat value than a 
barrel of lighter oil. For general comparisons, the heat values of coal 
and fuel oil are substantially as indicated in Table 8. 

For standard methods of testing oil, see Chapter XVII. 

30. Advantages and Disadvantages of Liquid Fuels for Steam Genera- 
tion. — Since mineral fuel oil constitutes the greater part of the fuel 
burned in boiler furnaces, the following statements refer specifically to 
this class of fuel: 

(1) Pound for pound, the heat value of oil is approximately 35 per cent 
higher than that of high-grade coal. 

(2) For equal heat values, the space required for the storage of oil is 
about 50 per cent less than that for coal. 

(3) The burning of oil causes no dust or ash; there is no cleaning of 
fires. 
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(4) There is no loss in heat value due to deterioration while in storage. 

(6) Stack losses are low, because the air excess required for complete 
combustion is reduced to a minimum. 

(6) There is greater adaptability to variation in load; automatic 
regulation of fires is readily effected. 

(7) Standby losses are reduced to a minimum. 

(8) Boiler room labor is less than with coal firing, owing to elimination 
of coal- and ash-handling. 

(9) High combustion efficiency may be attained. 

Some of the disadvantages are as folic /s: 

(a) Insurance liability is usually higher than with solid fuels. Civic 
and insurance requirements may impose burdensome or prohibitive re- 
strictions on the location and arrangement of the storage tanks, etc. 

. (b) Maintenance cost of furnace refractories is high, unless furnace is 
specially designed for oil burning. 

(c) The degree of superheat is less with oil than with coal, for a given 
equipment and load. 

(d) There is an element of uncertainty as to the delivery of large quan- 
tities, and extreme fluctuation in cost. 

(e) Nearly all fuel oil burners of the steam atomizing type produce an 
objectionable roaring sound. 

The real criterion in the selection of fuel is the ultimate cost of pro- 
ducing energy in the nKpiired form; and since this depends on countless 
factors which vary with (^ach proposed installation, general deductions 
are without purpose. 

Furnaces and Eejuipment for Burning Lk^uid Fuels: See paragraphs 116, 
117, and 127. 

Practical Uses of Fuel Oil: Combustion, Feb., 1923, p. 94. 

Coal Tar as a Source of Fuel: Gas Age-Record, July 28, 1923. 

31 . Colloidal Fuels. — Colloidal fuel is a name given to an emulsion 
of powdered solid fuel and oil, which was developed in this country by the 
Submarine Defense Association to meet war conditions. A so-called 
fixateur is used to stabilize the elements of the mixture into a homogeneous 
product. Most oils in their natural state may be mixed with pulverized 
anthracite, lignite, peat, coke, or wood, to produce smokeless colloidal 
fuel It is possible to produce a stable liquid containing 40 per cent of 
the powdered product. The colloidal fuel is fired with the same equip- 
ment as fuel oil, and with approximately the same overall efficiency. The 
heat value of the composite fuel is naturally dependent upon the heat value 
and weight of the constituent fuels. The heat value per unit volume is 
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greater than that of straight oil, unless the powdered component has a 
very low heat value and specific gravity. For example, in a composite 
made up of 35 per cent by weight of powdered anthracite (14,000 B.t.u. 
per lb., sp. gr. 1.6) and 65 per cent of oil (18,200 B.t.u. per lb. sp. gr. 0.96) 
the calorific value will be 165,000 B.t.u. per gallon against 146,000 B.t.u. 
for the oil. The use of colloidal fuels will effect a large saving in oil, 
should conditions arise whicjh would make this a commercially economical 
procedure. Owing to its solid fuel content, colloidal fuel is heavier than 
water and may, therefore, be stored under a water seal. At this date 
very little has been done with colloidal fuels in connection with stationary 
steam plants. 

Tests of Colloidal Fuel: Power, April 29, 1919, p. 662. 

Plastic Fuel or Amalgam” : Power, Dec. 27, 1921, p. 1032. 


GASEOUS FUELS 

32. General. — Gaseous fuels, on account of their simple molecular 
structure, can be burned readily and without smoke in any commercial 
apparatus from a boiler furnace to a gas engine. Such fuels are in the 
ideal form for perfect combustion, and permit of simple automatic control. 
Thej^ have all the advantages of liquid and solid fuels, with none of the 
disadvantages, save that they are not sufficiently concentrated for con- 
venient storage. Unfortunately, gaseous fuels are prohibitive in cost 
for steam generation, except when the plant is favorably located with 
respect to natural gas wells or when the gaseous fuel is a by-product from 
some industrial process. Because of the heat losses in conversion from 
solid or liquid to gaseous form, and because of the plant investment that 
is necessary, there is no economy in manufacturing gas solely for steam 
generation. The most commonly used gaseous fuels for steam generation 
are natural gas, blast-furnace gas, and by-product coke-oven gas. 

Gas-fired Boilers: Combustion, Feb., 1924, p. 110. 

33. Natural Gas. — The demand for natural gas for purposes other 
than steam generation is steadily increasing, so that even in the immedi- 
ate vicinity of the wells the cost is frequently higher than that of other 
classes of fuel. Natural gas is composed primarily of carbon and hydro- 
gen in varying proportions, with small quantities of nitrogen, oxygen, 
and occasionally sulphur. The gaseous constituents, HnCm, vary within 
a wide range, and it is practically impossible to give an average analysis 
which means an 3 rthing. For example, some gases are practically all 
methane, CH4, while others are extremely high in C2H6 or C2H2. Prac- 
tically all natural gases conjbain some CO, and a number of them contain 
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CO 2 . The heat value ranges from 720 to 1700 B.t.u. per standard cu. ft. 
with an average of about 1100. 

Composition of Natural Gas: Tech. Paper No. 109, 1915, Bureau of Mines. 

Analysis of Natural Gas: Tech. Paper No. 104, 1916, Bureau of Mines. 

Liquefied Products from Natural Gas: Tech. Paper No. 10, 1912, Bureau of Mines. 

34. Blast-furnace Gas. — As the name implies, Hast-fumace gas is a 
by-product from the blast furnace of the iron industry. Coke furnishes 
about 90 per cent of the fuel used in this connection, and its consumption 
per ton of pig iron varies from 1600 to 3600 lb., with an average of 2000. 
The weight of gas produced per ton of pig iron varies according to the 
weight of coke, gaseous constituents of the flux and coke, weight of oxygen 
combined with the material charged, and the weight of air delivered by the 
blowing engine. P'or rough approximations, it is satisfactory to allow 
70 cu. ft. of gas per lb. of coke. The heat value of the gas varies from 85 
to 110 B.t.u. per cu. ft. under standard conditions and ranges in com- 
position approximately as given in Table 9. Blast-furnace gas, as it 
leaves the furnace, is very dirty, each cu. ft. containing as much as 227 
grains of dust in suspension. The dust content ib reduced by suitable 
means before it is fed to the furnace. 

Burning Blast-furnace Gas Under Boilers: Power, Dec. 13, 1921, p. 930. 

Combustibility of Blast-furnace Gas: The Blast Furnace and Steel Plant, Aug., 1922. 

TABLE 9 


PUOPERTIES OP TYPICAL FUEL GASES 


Gas 


Constituents of Gns ~ 

- Por cent by Volume 


Calorific Value 
B.t.u. per 
Standard 

Cu. Ft.* 

CO2 

CO 

ih 

CH4 

CJU 

IfnCm 

N2 

O2 

High 

Low 

Blast-furnace. . . 

11.4 

28.6 

2.7 

0.2 



57.1 


102 

100 

do 

10 9 

27.8 

2.8 

0.2 



58.3 


96 

94 

Coke-oven 

2 5 

6.0 

42. 

34.3 

2.0 

2.0a 

10.1 

1.1 

605 

646 

do 

■iKl 

4.9 

54.2 

28.4 

, , 


10.1 

1.6 

479 

426 

Illuminating: 











Coal 

1.2 

6.2 

43.9 

37.8 

6.9 

4.2a 

3.5 

0.5 

618 

658 

Water 

4.4 

44.8 

45.6 

4.4 

0.1 


0.1 

0.5 

336 

311 

Water car- 











bureted — 

2.1 

24.1 

32,4 

23.4 

12.5 

, , 

3.7 

0.5 

638 

596 

Natural 

6.5 



84.3 

8.0 


1.2 


987 

900 

do 

0.3 

0.6 

1.2 

93.6 

0.2 

, , 

3.4 

ole 

940 

860 

do 

0.2 

0.5 

1.9 

92.8 

0.2 


3.8 

0^4 

992 

900 

do 

0.4 


35.9 

49 6 

12.3 

0.66 


0.8 

836 

750 

do 

0.0 



32.3 

. , 

67.06 

6!7 


1420 

1350 

Oil 

0.9 


24!3 

58.3 

17.4 

, , 

. , 


940 

758 

do 


0.2 

4.8 

53.7 

41.2 


0.1 


1220 

1125 

Producer: 











Anthracite 


26.1 

15.0 

0.2 


, , 

53.2 

0.2 

135 

127 

Bituminous. . . 


25.3 

9.2 

3.1 

6^8 


58.2 


155 

146 

Lignite 


14.1 

13.8 

2.6 

0.4 


58.2 

0.3 

110 

101 

Peat 



0.9 

3.1 

0.1 

•• 

56.7 


122 

118 


* 68 deg. !ahr.: 14.7 lb. per sq. in. a. C»Hfu 6. CiH«. 
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35* By-product Coke-oven Gas. — This gas is a by-product in the 
manufacture of coke by the destructive distillation of coal. Instead of 
burning the gaseous distillate at its point of origin, as in a beehive or re- 
tort coke oven, it is conducted through suitable apparatus and cooled, 
yielding tar, ammonia, illuminating and fuel gas. A certain portion of 
the gas is burned in the oven, and the remainder is available for fuel 
or illuminating purposes. By-product gas is ordinarily saturated with 
moisture and carries a large proportion of tar and hydrocarbon. The 
heat value of the gas varies from 400 to 550 B.t.u. per standard cu. ft. 
and varies in composition approximately as given in Table 9. 

36. Calorific Power of Gases. — The heating value of a combustible 
gas may be accurately determined by means of a “ flow ” calorimeter, 
such as the Junker and Boyce. The heating value thus obtained is the 
higher or absolute value and the only one to be used in connection with 
steam boiler practice. The heating value may be calculated, with suffi- 
cient accuracy for all commercial purposes, by assuming each constituent 
gas to be free and uninfluenced by the others; thus, if a gas is composed 
of 80 per cent by volume of CH4 and 20 per cent CO, the heating value 
per cu. ft. of the mixture will be 0.8 of the heat value of CH4, B.t.u. per cu. 
ft., + 0.2 of the heat value of CO, B.t.u. per cu. ft. This method, of 
course, requires a knowledge of the character, amount, and heating value 
of the gaseous constituents. The standard cu. ft. (A.S.M.E. Code) is 
taken at 68 deg. fahr. and 29.92 in. of mercury (14.7 lb. per sq. in.). An- 
other standard frequently used by gas manufacturers is based on a tem- 
perature of 62 deg. fahr. The conversion from a volume to a weight 
basis (and vice versa) at any pressure and temperature is readily made by 
means of equation (8). 

Example 6. — Calculate the heat value of by-product coke-oven gas 
having the following analysis by volume: 

Per Cent by Volume. 

CO2O.8; O2I.6; CO 4.9; CH428.4; H254.2; N2IO.I. 

Solution. — The CO2, O2 and N2 have no heating value; hence, they . 
need not be considered. The heating value of each gas may be taken 
from Table 11. 


Constituent 

Cu. Ft. 

B.t.u. per Standard 
Cu. Ft. of Constituent 

Calculation 

CO 

0.049 

318 

0 049 X 318 

16.0 

CH 4 

0.284 

992 

0.284 X 992 

282.0 

H 2 

0.542 

325 

0.542 X 325 

176.0 


Total B.t.u. per cu. ft. 474.0 
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37. Town Befuse and Garbage. — The composition of unsorted refuse 
from different cities varies within wide limits, but in a general sense is ap- 
proximately one-third each of combustible matter, ash, and water, and 
the heat value of the combustible is roughly one seventh that of coal. 
From a fuel standpoint, the heat value is too low to compensate for the 
capital outlay on the destructor plant; but as refuse destruction by 
burning is fundamentally a sanitary measure, it may prove economical 
to utilize part of the heat of combustion as a by-product for power gen- 
eration. A description of the various destructors used in this connection 
is beyond the scope of this work, and 'he reader is referred to the ac- 
companying references for further study. 

Garbage and Refuse Disposal Data: Municipal Journal, Vol. 26, 1918, p. 318; Mu- 
nicipal Engineering, Sept., 1919, p. 107; Engr. News Record, October 17, 1918, p. 715; 
Trans. A.S.M.E., Vol. 39, 1917, p. 689, 779; Journal Western Society Engineers, Vol. 
22, 1917, p. 623. 

PROBLEMS 

1. The following analyses were obtained from samples of LJnois coal ^‘as received.” 


Proximate Analyaia 

Ultimate Analysis 


Pel Cent 


Per Cent 


Per Cent 

Moisture 

8 10 

Hydrogen 

5 1 

Oxygen 

15.2 

Volatile matter. . 

32 50 

Carbon. . . . 

62 5 

Sulphur 

3.5 

Fixed carbon 

46 80 

Nitrogen. . . 

1.1 

Ash 

12.6 

Ash 

12.60 






100.00 



Total 

100.00 


a. Transfer these analyses to the “moisture-free” and “moisture and ash free” basis. 

h. Transfer the ultimate analysis to the “moisture, ash, and sulphur free” basis. 

c. Determine the free hydrogen, combined moisture, and total moisture. 

d. Calculate the ultimate analysis “as received” from the proximate analysis. 

2. If the moisture, sulphur, and ash content of an Illinois coal “as fired,” are 8.1, 
3.5 and 12.6 per cent, respectively, estimate the ultimate analysis by Evans^ method 
(see Example 4). 

3. Calculate the heat value of the coal “as fired,” “moisture free,” and “moisture 
and ash free,” analyses as in Problem 1. 

4. Compare the following fuels on a “B.t.u. for one cent” basis: Wood — $4.00 per 
cord, assuming 65 per cent interstitial space, 40 lb. per cu. ft. and 6000 B.t.u. per lb.; 
anthracite — $9.00 per ton of 2000 lb., 12,500 B.t.u. per lb.; pocahontas -$7.50 per 
ton, 14,000 B.t.u. per lb.; bituminous nut — $5.50 per ton, 13,000 B.t.u. per lb.; bitu- 
minous slack — $4.00 per ton, 10,000 B.t.u. per lb.; gas — 80 cents per 1000 cu. ft,, 600 
B.t.u. per cu. ft,; 26 degree Baum4 fuel oil — $2.00 per bbl., 19,300 B.t.u. per lb. 




CHAPTER III 

COMBUSTION OF FUELS 

38, Elementary Theory. — So far as the engineer or fireman is concerned, 
the theory embodied in the combustion of fuels is very elementary 
and involves the simplest of mathematics; but it should be pointed out 
that a complete analysis of the complicated phenomena involved in gas 
reactions requires a knowledge of chemical equilibrium and kindred sub- 
jects that lies beyond the scope of this book. 

To the chemist, combustion is the phenomenon resulting from any 
chemical combination evolving heat. To the engineer, it means the 
chemical union of the combustible of a fuel and the oxygen of the air at 
such a rate as to cause rapid increase of temperature. Such combinations 
always occur in accordance with fixed and immutable laws, both as re- 
gards weight relationship and volume changes. The union liberates a 
definite quantity of heat, directly proportional to the mass of material 
taking part in the reaction, and independent of the time occupied. The 
heat thus generated when a unit weight of substance is completely burned 
is called the heating value, or calorific power, of that substance. Before 
chemical union can take place, the combining (dements must first be 
brought to the ignition temperature or kindling point of the combustible. 
The temperature necessary to cause this union of oxygen and combus- 
tible has been fairly well established for simple combustible gases, but 
there is no definite temperature at which complex fuels, such as coal and 
allied substances, burst into flame. Experiments show that coal liberates 
heat of combustion at all temperatures. The point at which the coal 
assumes a uniform glow has been taken as the most logical ignition tem- 
perature.^ The ignition temperature of a number of gases and the glow 
point of several solid fuels are given in Table 10. These values are ap- 
proximate only, since the temperature may vary with the relative amount 
of surface of the substance, pressure of the air, and the presence of other 
substances that aid reactions, but they serve for the purpose at hand. 
Matter is never destroyed; hence, all of the elements composing a fuel 
and its air requirements will be found in the products of combustion after 
the fuel has been burned,^' but, barring certain inert elements, they will 
be in different combinations with each other. The reactions taking place 
during combustion are generally expressed by simple molecular equations 

^ Tfie Ignition Temperature of Coalf Bui. No. 128, Apr. 10, 1922, Univ. of 111. Engi- 
neering Exp. Station. 
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in which the elements are designated by symbols, the relative volumes of 
the gaseous constituents by numerical coefficients, and the number of 
times the atomic weight occurs by subscripts. The symbols, relative 
atomic 'and molecular or combining weights, and the chemical reactions 
for the elements and compounds generally encountered in combustion 
work are given in Table 11. 

Flame Temperatures^ by Prof. W. Trinks, Power, Juno 1923. 

Combustion PhenomenUy by 10. Kiefi, Combustion, Nov., 1923, p. 390. 


TABLE 10 

IGNITION TEMPERATUHB, DEG. FAHR. 


Acetylene 

900 

Ethylene, CH 


* Anthracite Coal 

1112 

Hydrogen 


* Bituminous Coal 

850 

* Lignite 


♦Coke 

1123 

Methane CH . 

1200 

Carbon Monoxide . 

1200 

* Semi-Bit. Coal 

980 

Ethane CH 

1000 

Sulphur . . . 

470 


* Glow point. 


TABLE 11 

DATA RELATIVE TO ELEMENTS MOST COMMONLY MET W’TH IN CONNECTION 


WITH COMBUSTION OP FUEI.S 


Subytanco 

Chemi- 

cal 

Sym- 

bol 

Relative 
Combining 
Weight 
(O'i = 32) 

Chemical Reaction 

Heating Value 
B.t.u. per Lb. 

JOxact 

Approx. 

Higher 

Lower 

Acetylene. . 


26 03 

26 

2 C 2 H 2 -f" 60^ = 4 (JO 2 d" 2 H 2 O 

21,600 

21,000 

Carbon to CO 2 . . 


12 00 

12 

C + O 2 = OO 2 

14,600 

14,600 

Carbon to CO . . 

C 

12 00 

12 

2 C + O 2 =2 CO 

4,440 

4,440 

Carbon monoxide 

CO 

28.00 

28 

2 CO + O 2 = 2 C 02 

4,354 

4,354 

Ethane 

Cillfl 

30 05 

30 

2 C 3 H, + 7 O 2 = 4 CO 2 + 6 H 2 O 

22,230 

20,500 

Ethylene 

C21I4 

28 03 

28 

C 2 II 4 + 3 O 2 = 2 CO, + 2 H 2 O 

21,600 

20,420 

Hydrogen 

112 

2 016 

2 

2 H 2 + O 2 =211,0 

62,100 

52,920 

Methane 

CH 4 

16 03 

16 1 

CH 4 + 2 O 2 =C02 + 2H20 

23,850 

21,670 

Sulphur to SO 2 . . 

s 

32 06 

32 

s + o, = so. 

4,000 

4.000 

Sulphur to SO 3 . . 

s 

32 06 

32 

28 + 30, =280, 

5,940 

5,940 


Gas 

Chemi- 

cal 

Sym- 

bol 

Relative 
Coinbimng 
Woiglit O 2 - 32 

Density 

and 

Volume* 

Air Required 
for 

Perf. Combua.t 

Heating Value 
per Cu. Ft.* 

Exact 

Approx 

Tjb. per 
100 

Cu. Ft. 

Cu. Ft 

Tb. 

Lb. per 
Lb. of 
Gas 

Cu Ft. 
per 

Cu. Ft. 
of Gas 

Higher 

Lower 

Acetylene 

C2H2 

26.03 

26 

6.76 

14 79 

13 35 

11 90 

1460 

1420 

Carbon monoxide 

CO 

28.00 

28 

7.27 

13.75 

2 48 

2 38 

318 

318 

Ethane 

C2H6 

30 05 

30 

7 82 

12 78 

16 16 

16.70 

1735 

1600 

Ethylene 

C2H4 

28.03 

28 

7 30 

13 70 

14.85 

14 30 

1573 

1491 

Hydrogen 

H2 

2 016 

2 

0 52 

192 0 

34 80 

2.38 

325 

278 

Methane 

CH4 

16 03 

16 

4 16 

24.00 

17.32, 

9.52 

992 

902 

Air 

t 

28 95 

29 

7 52 

13.30 





Carbon dioxide.. . 

C02 

44 00 

44 

11.43 

8.75 





Nitrogen 

N2 

28 02 

28 

7 28 

13.74 





Oxygen 

02 

32.00 

32 

8.31 

12.03 





Sulphur dioxide . 

S 02 

64.07 

64 

16.65 

6.00 






* 68 deg. fabr. and aimomberic pcewura. ir 8fm paragranb 44. l Equivalent to Oi + 3.82 Ni. 
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39. Combustion of Carbon. — Carbon is the principal combustible of 
nearly all fuels. The primary product of the oxidation of carbon is a 
complex of carbon and oxygen, which has a transitory existence. This 
complex decomposes into a mixture of carbon dioxide (CO 2 ) and* carbon 
monoxide (CO) in proportions dependent upon the temperatures at which 
decomposition take place. If CO 2 is the ultimate product resulting 
from the combustion of pure carbon, combustion is said to be perfect 
if CO is formed it is said to be incomplete, because the monoxide is in 
itself combustible and capable of further oxidation; if both CO 2 and free 
O 2 are present combustion is said to be complete. 

When carbon and oxygen unite to form CO* the reaction is expressed by: 

C + 02 = 00*' (7) 

The combining weights involved are: C, 12; O 2 , 32; CO 2 , 44. Intro- 
ducing these, we have 

12 + 32 = 44 

Divided by 12, 

1 + 2| = 3| 

Thus, 1 lb. of carbon unites with 2| lb. of oxygen to form 3f lb. of carbon 
dioxide. If the CO* resulting from this combustion is cooled at constant 
pressure to the initial temperature of the original mixture of carbon and 
oxygen, the heat liberated will be about 14,600 B.t.u. per lb. of carbon. 
(The heat value for carbon appears to depend upon the method of pre- 
paration and ranges according to various authorities from 14,220 to 
14,647 B.t.u. per lb.) 

The oxygen required for combustion is usually taken from the atmos- 
phere. For most engineering purposes, dry atmospheric air may be 
taken as a mechanical mixture of oxygen and nitrogen in the ratio 23 to 
77 by weight, and 21 to 79 by volume. For convenience in calculation, 
these ratios may be expressed as follows: 

Nitrogen = 77/23 X oxygen = 3.34 X oxygen, by weight. 

Air = 100/23 X oxygen = 4.35 X oxygen, by weight. 

Nitrogen = 79/21 X oxygen = 3.76 X oxygen, by volume. 

Air = 100/21 X oxygen = 4.76 X oxygen, by volume. 

Nitrogen is inert under ordinary furnace conditions and passes into the 
products of combustion without change. It simply dilutes the oxygen 
for combustion, and its presence in the flue gases represents a large per- 

* The molecular weight of C is not definitely known. Carbon exists in a number 
of forms, each of which probably has its own molecular weight. Thus the difficulty of 
burning carbon in the form of soot is attributed to its complex molecular structure. 
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centage of the heat discharged to waste. The presence of nitrogen in the 
ordinary furnace, however, is actually an advantage, because it reduces 
the temperature of combustion below the fusing point of the furnace 
refractories. If air instead of pure oxygen is used, the minimum theo- 
retical weight of dry air required for the perfect combustion of carbon to 
CO 2 is therefore 2 2/3 4- 23/100 = 11.58 lb. The weight of nitrogen 
brought in with the air is 2 2/3 X 77/23 = 8.92 lb. per lb. of carbon, 
and the products of combustion will consist of 3.66 lb. of CO 2 and 8.92 lb. 
of N 2 , a total of 12.58 lb. 

Gaseous elements, mixtures, and compounds are usually measured 
volumetrically. The transfer from a weight to a volume basis is readily 
effected by the following application of Avogadro's law.^ 


in which 


T m 


( 8 ) 


P = pressure, lb. per sq. ft. 

V = specific volume, cu. ft. per lb. 

T = absolute temperature, deg. fahr. 
m = molecular weight of the gas referred to oxygen as 32. 


With 68 deg. fahr. and 14.7 lb. per sq. in. as the standard (A.S.M.E. 
Code), for temperature and pressure, respectively, (equation (8) reduces 
to the convenient form 

V = 385 m (9) 

Thus, under the assumed standard conditions, the volume of one 
pound of 

Oxygen = 385 - 4 - 32 = 12.03 cu. ft. 

Nitrogen = 385 4- 28 = 13.75 cu. ft. 

CO 2 = 385 44 = 8.75 cu. ft. 


Since air is composed of 21 parts by volume of oxygen and 79 parts of 
nitrogen, its molecular weight is 0.21 X 32 + 0.79 X 28 = 29 (approx.), 
and its specific volume under standard conditions is 385 4 - 29 = 13.3 cu. 
ft. Strictly speaking, a gaseous mixture cannot have molecular weight, 
but the number 29 in connection with air may be considered the ap- 
parent molecular weight. 

Referring to the perfect combustion of 1 lb.' of carbon with dry air, 
the volumes (at 68 deg. fahr. and atmospheric pressure) involved in the 
reaction are 


^ Equal volumes of all gases contain the same number of molecules when at the 
same temperature and pressure. 
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Oxygen = 2.66 X 12.03 = 32.0 cu. ft. 

Nitrogen = 8.92 X 13.74 = 122.5 cu. ft. 

CO 2 = 3.66 X 8.75 = 32.0 cu. ft. 

Air = 11.58 X 13.3 == 154.0 cu. ft. 

It will be seen that the volume of CO 2 is precisely the same as that of 
the oxygen used in the process, and since oxygen forms 21 parts of air by 
volume, it follows that with perfect combustion the products will consist 
of 21 per cent of CO 2 and 79 per cent of nitrogen. The same conclusion 
may be reached in a simpler manner, by noting the fact that numerical 
coefficients in the molecular equations represent relative volumes. Con- 
sidering the coefficients in equation (7) we have: 

1 1 = 1 

which signifies that 1 volume of oxygen combines with carbon to produce 
1 volume of CO 2 . That is, the volume of CO 2 resulting from combustion 
is exactly the same as that of the oxygen supplied, both gases referred to 
the same pressure and temperature. 

When combustion is incomplete and the carbon unites with oxygen to 
form CO, the reaction is expressed: 

2 C + O 2 = 2 CO 1 

2 X 12 + 32 = 2 X 28 . (10) 

1 + 11/3 = 2 1/3 

Thus, 1 lb. of carbon combines with 1 1/3 lb. of oxygen to produce 2 1/3 
lb. of CO. The heat liberated will be about 4440 B.t.u. per lb. of carbon. 
The air required to furnish the necessary oxygen for this reaction is 1 1/3 
0.23 = 5.79 lb. The weight of nitrogen brought in with the air is 1 1/3 
X 77/23 = 4.46 lb., and the products of combustion will consist of 2.33 
lb. of CO and 4.46 lb. of nitrogen, a total of 6.79 lb. 

Considering the coefficients in equation (10), we have 

2 1 = 2 

which indicates that 1 volume of oxygen combines with carbon to pro- 
duce 2 volumes of CO.* The reaction is therefore accompanied by an 
increase in volume of 100 per cent. 

^ All of the carbon does not bum directly to CO. Part of it bums first to CO2, and 
this in turn combines with carbon to form CO. The ultimate result, however, is the 
same as if the change took place as indicated in this equation. 
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Carbon monoxide ludtes with oxygen to form CO 2 , thus 

2 CO + O 2 =2 CO 2 (11) 

2 X 28 + 32 = 2 X 44 

66 +32 = 88 

1+4/7 =1 4/7 

21/3 +1 1/3 = 3 2/3 

That is, 1 lb. of CO unites with 4/7 lb. of oxygen to form 1 4/7 lb. of CO 2 ; 
or, the 2 1/3 lb. of CO resulting from the combustion of 1 lb. of carbon, 
as in equation (10), combines with 1 1/3 lb. of oxygen to form 3 2/3 lb. 
of CO 2 . The heat liberated will be about 4354 B.t.u. per lb. of CO, or 
2 1/3 X 4354 = 10,160 B.t.u. per lb. of carbon. Noting that 4440 + 
10,160 = 14,600, it is evident that the ultimate result is the same whether 
the process takes place in one or two stages. The dry air required to fur- 
nish the necessary oxygen for the combustion of 1 lb. of CO to CO 2 is 4/7 
-j- 0.23 = 2.47 lb. The weight of nitrogen brought in with the air is 4/7 
X 77/23 = 1.91 lb. per lb. of monoxide, and the products of combustion 
will consist of 1.57 (=1 4/7) lb. of CO 2 and 1.91 lb. of ls' 2 , a total of 3.48 lb. 
The fact that carbon may combine with oxygen to form CO 2 , CO, or both, 
is of great importance in furnace efficiency and is discussed at greater 
length in paragraph 54. 

40 . Combustion of Hydrogen. — Hydrogen combines with oxygen to 
form water vapor, thus: 

2 H 2 + O 2 = 2 H 2 O (12) 

2X2 + 32 = 2X18 
4 + 32 = 36 
1+8 = 9 

That is, 1 lb. of hydrogen combines with 8 lb. of oxygen to form 9 lb. of 
water. If the water vapor resulting from this combustion is all condensed 
and cooled at constant pressure to liquid at the initial temperature of the 
original mixture of hydrogen and oxygen, the heat liberated will be about 
62,000 B.t.u. per lb. of hydrogen. If, however, the vapor is not con- 
densed, or is only partially condensed, the heat available for external 
heating will be less than 62,000 B.t.u. by an amount depending upon the 
final conditions of the products of combustion. These two values are 
called, respectively, the higher and the lower heat value. The lower 
factor is a variable, and therefore cannot have a constant value except 
for a fixed set of conditions. 

The theoretical weight of dry air necessary to bum 1 lb. of hydrogen 
to water is 8 ^ 0.23 = 34.8 .1b., and the final products of combustion will 
consist of 9 lb. of H 2 O, and 8 X 77/23 = 26.8 lb. of Ns, a total of 35.8 lb. 
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It is important to note that the water vapor content is never determined 
in the ordinary gas analysis apparatus, since the greater part is condensed 
before reaching the measuring pipette. Therefore, the dry products of 
combustion will consist only of N 2 . The lower heat value for the com- 
plete combustion of hydrogen, with theoretical air requirements, under 
constant pressure of 14.7 lb. per sq. in. and initial and final temperature 
of 62 deg. fahr., is given by Goodenough as 52,930 B.t.u. per lb. of hydro- 
gen.^ The lower heat value does not enter into boiler problems, since 
the heat of the water formed by combustion, and discharged with the 
flue gas, is considered as a separate loss. The A.S.M.E. Power Test 
Code recommends the use of the higher heat value only. 

Oxygen is a constituent of practically all fuels and may exist in the free 
state, in combination with nitrogen, in organic nitrates, in the carbonates 
of the ash, in the combined moisture, and in the CmHnOz compounds. 
For most engineering purposes, it is sufficiently accurate to assume that 
all oxygen present is combined with hydrogen as H 2 O, and that the re- 
mainder of the Ifydrogen is in the free state. With this assumption, con- 
sidering that 8 parts of oxygen combine with 1 of hydrogen, we have as 
the free or available hydrogen, H — 0/8, in which H = lb. of total 
hydrogen per lb. of fuel, and O = total oxygen content, lb. per lb. of 
fuel. 

Combustion of Hydrocarbons. — In nearly all fuels, part of the 
carbon is united with hydrogen in a great variety of combinations known 
as hydrocarbons, and constituting the so-called volatile matter; and al- 
though the ultimate products of combustions are CO 2 and H 2 O, the process 
of decomposition is often very complicated. For example, in the com- 
bustion of coal, in hand-fired furnaces, the volatile matter leaves the fuel 
bed as complex hydrocarbon compounds. Near the surface of the fuel 
bed, where the oxygen supply is very low, these hydrocarbons are quickly 
decomposed, by the high furnace temperature, into soot (carbon), H 2 
and CO. The formation of the latter is due to the presence of CO 2 and 
the small supply of air. At a distance of 1 or 2 feet from the surface of 
the fuel bed, provided air is admitted above the fire, only a very small 
amoimt of hydrocarbons can be found in any state, gaseous, liquid, or 
solid. The solid substance present in the flames is mostly soot with 
traces of tar. If oxygen is present in sufficient quantity at the time of 
distillation of the volatile matter, the hydrocarbons will bum directly to 
CO 2 and H 2 O without first decomposing and depositing soot. The oxy- 
gen and air requirements for the perfect combustion of the various hydro- 
carbons are the same as if the constituent elements were in the free state, 
but the heat of combustion of the compound differs considerably from 
^ Principles of Thermodynamics, 3rd Ed., p. 295. 
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that of the separate elements. This is explained by the fact that the 
hydrocarbon is already a chemical compound, and that the heat of com- 
bination or of dissociation must be considered. For example, methane 
(CH4) unites with oxygen to form H2O and CO2, thus 

CH4 + 2 O2 = CO2 + 2 H2O (13) 

(12 + 4) + 2 X 32 = (12 + 32) + 2 (2 + 16) 

16 + 64 = 44 + 36 

1 + 4 =23/4 + 21/4 

That is, 1 Ib. of CH 4 combines with 4 lb. of oxygen to form 2 3/4 lb. of 
CO2 and 2 1/4 lb. of H 2 O. The theoretical dry air requirements are 4 -f- 
23/100 = 17.3 lb. per lb. of CH4. The heat of combustion, as experi- 
mentally determined, is 23,850 B.t.u. per lb. as against 26,400 when cal- 
culated from the heat combustion of free carbon and free hydrogen. The 
hydrocarbons most commonly encountered in boiler room practice are 
outlined in Table 11. 

43. Combustion of Sulphur. — Although carbon, hydrogen, and oxygen 
are generally considered to be the three important elements in coal, 
sulphur often constitutes a large portion of the coal substance. The 
sulphur occurs in a variety of forms, organic and inorganic, but very 
little information is available on the subject. Sulphur unites with oxy- 
gen to form sulphur dioxide (SO2) or sulphur trioxide (SO3) depending 
upon the furnace conditions. In most cases SO2 is formed, thus: 

S + O2 = SO2 (14) 

32 + 32 = 64 
1 + 1=2 

That is, 1 lb. of sulphur combines with 1 lb. of oxygen to form 2 lb. of 
SO 2 . If oxygen is obtained from the atmosphere, the theoretical weight 
of dry air required to completely bum 1 lb. of sulphur is 1 -r- 23/100 = 
4.35 lb., and the final products of combustion will consist of 2 lb. of SO 2 and 
1 X 77/23 = 3.35 lb. of nitrogen, a total of 5.35 lb. The heat of com- 
bustion of pure sulphur, when burned to SO 2 , is about 4000 B.t.u. per 
lb. Sulphur, however, seldom exists in a fuel as a free element; hence, 
the assumption that the total sulphur content, as determined from the 
ultimate analysis, has a heat value of 4000 B.t.u. per lb. may be con- 
siderably in error. Attention should be called to the fact that all of the 
sulphur in coal does not bum to SO 2 and that a large percentage may be 
found in the ash. No relationship appears to exist between the total 
amount of sulphur in the fuel and the amount, after combustion, in the 
flue gases, coke, or ash. 

The EjBfect of Svlphur on Steam Production^ by T. A. Marsh. Combustion, Feb., 
1924, p. 123. 
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43. Combustloo of a Mixture of Elements. — All commercial fuels con- 
sist of a mixture of elements existing either in the free state or in com- 
bination with each other. The minimum theoretical weight of air re- 
quired to completely bum any fuel is the same whether the combustible 
elements are free or combined; but the heat of combustion of a chemical 
compodnd may differ considerably from that based on the heat value’ of 
its constituent elements, because of the heat absorbed or given up in the 
creation of the compound. The character and distribution of the prod- 
ucts of combustion depend upon the nature of the fuel, the air supply, 
and the conditions under which combustion took place. In practically 
all the furnaces, the combustion of solid fuels takes place in two stages: 

(1) Combustion in the fuel bed, which includes the distillation of volatile 
matter and partial combustion or gasification of the fixed carbon; and 

(2) combustion of the gaseous and other combustibles rising from the 
fuel bed in the combustion space. With liquid fuels, evaporation and 
gasification precede ignition and combustion, whUe with gaseous fuels 
ignition takes place as soon as the fuel and air mixture has reached the 
proper temperature for chemical union. 

The various steps in the combustion of a bed of coal of uniform thick- 
ness on a stationary grate are shown in Fig. 13. At the bottom of the 



Fig. 13. Composition of Furnace Gases along their Path through the 
Combustion Space — Hand-fired Furnace. 


fuel bed, where the air first comes in contact with the coal, the air con- 
tains approximately 21 per cent of oxygen, and the fuel bed but little com- 
bustible. As the air passes up through the layer of fuel next the grate, 
the oxygen in it combines with the carbon of the coal, forming CO 2 . The 
rate of oxidation in the lower part of the fuel bed depends almost entirely 
on the rate at which air flows through it. The greater the quantity of 
air that is forced through the fuel bed the faster the coal is oxidized 
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When the free oxygen is all used up, the resulting CO2, on continuing 
its passage through the superposed unbumed portion of the coal bed, 
is reduced to CO. The rate of reduction of CO2 to CO depends upon 
the temperature of the fuel bed — the higher the temperature the faster 
the CO2 is reduced to CO. At the high temperature existing in' the aver- 
age fuel bed, a considerable portion of the CO2 is reduced. The layer 
at the top of the fuel bed consists mostly of fresh fuel which is being 
heated and from which the volatile matter is being distilled. With a 
given temperature, the distillation is independent of the air supply, since 
the heated volatile matter distills off whether air is supplied or not. On 
the other hand, fixed carbon in a fuel bed cannot be burned to CO2 or 
gasified to CO unless air is supplied over the grate. The gases rising 
from the fuel bed contain a high percentage of combustible, and no free 
oxygen, irrespective of the rate at which air is forced through the fuel 
bed. Therefore, complete combustion cannot be obtained from the air 
passing through the bed unless there are holes in the fire or part of the 
fuel on the grate is burned out. To effect complete combustion with an 
even fuel bed of unbumed coal, part of the air ra^st be supplied above 
the fire and in such a manner that it will mix with the combustible gases. 
This applies to all solid fuels. 

Part of the moisture in a fuel and part of that brought in with the air 
for combustion pass through the furnace as highly superheated steam. 
That part of the moisture which comes into contact with the incandescent 
carbon combines with the carbon to form CO, CO2, and H2, thus 

H2O + C = CO + Hj 
2 IIjO + C = CO2 + 2 H2 

Under average boiler-furnace conditions, the H2 thus liberated will ul- 
timately recombine with O2 and form H2O. See also paragraph 100 . 

Powdered, liquid and gaseous fuels are burned in suspension and are, 
therefore, not subject to the limitations outlined above. Almost perfect 
combustion can be effected with these fuels in a comparatively small space, 
provided the air and fuel are thoroughly mixed. Intense turbulence of 
the mix is essential to rapid combustion and short flames. With powdered 
fuel, turbulence not only accelerates contact between fuel and air, but also 
sweeps away the inert gas envelope surrounding the partly burned fuel 
particle and brings in a fresh supply of oxygen. 

44. Air Theoretically Bequlred for Perfect Combustion. — As previously 
stated, the minimum weight of air required to completely bum any fuel 
is the same whether the combustible elements are in the free state 
or in chemical combination with each other. If C, H, 0 , S, repre- 
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sent the proportional part by weight of carbon, hydrogen, oxygen, and 
sulphur in the fuel, then, from the preceding paragraphs, it is evident 
that for perfect combustion 

Ao = 2.66 C + 8 (H - 0/8) + S (15) 

Ai = 11.58 C + 34.8 (H - 0/8) + 4.35 S (16) 

in which 

Ao = weight of pure oxygen per lb. of fuel 

Ai = weight of dry air per lb. of fuel 

Equation (16) is sometimes expressed as follows: 

Ai = 11.58 C + 34.8 H + 4.35 (S - 0) (17) 

Atmospheric air contains a small amount of water vapor^ and traces of 
CO 2 , helium, hydrogen, argon, and other elements; but in view of the 
uncertainty of many of the factors entering into the problem of com- 
bustion, it is sufficiently accurate for all engineering purposes to assume 
that the air is dry and composed only of nitrogen and oxygen in the ratio 
by weight of 77 to 23. 

The constants in equations (15) to (17) will be slightly lower if the 
exact molecular weights (as fixed by the International Committee on 
Atomic Weights) are used instead of the approximate weight, and the 
oxygen-nitrogen ratio of the air is taken as 23.15 to 76.85 instead of 23 
to 77. Such refinement, however, is without purpose in engineering 
practice. The theoretical weight of air per lb. of fuel varies within wide 
limits, but when expressed in terms of weight per 10,000 B.t.u. there is a 
close agreement between all solid fuels. Several hundred fuels, varying 
from peat to anthracite, gave an average value, on this basis, of 7.5 lb. of 
dry air per 10,000 B.t.u. with a maximum departure not exceeding 4 per 
cent. See Table 12. 

Example 7. — Calculate the minimum weight of dry air necessary to 
completely bum Illinois bituminous coal having the following analysis: 

Per Cent “ as fired ” Per Cent “ as fired ’* 


Carbon 

65.0 

Sulphur 

2.8 

Hydrogen 

4.4 

Free moisture 

8.8 

Oxygen 

7.2 

Ash 

10.5 

Nitrogen 

1.3 

Total 

100.0 


Solution. — Substituting the value of C, H, 0, and S in the equation 
(16), and solving for A, we have: 

A - 11.58 X 0.65 + 34.8 (0.044 - 0.072/8) + 4.35 X 0.028 

= 8.87 lb., the theoretical weight of dry air per lb. of coal as fired. 

1 0.1 to 1.2 per cent by weight, depending primarily upon the temperature and 
relatiye humidity. See paragraph 409. 
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The dry coal is 100 — 8.8 = 91.2 per cent, and the combustible ” 
lOCt (8.8 + 10.5) = 80.7 per cent of the coal as fired; tWefore, the 
theoretical air requirement is 8.87/0.912 = 9.72 lb. per lb. of dry coal 
and 8.87/0.807 = 10.99 lb. per lb. of combustible. 

The air requirements for liquid fuels are usually determined by weight, 
and the method of prodecure is the same as for solid fuels. Gaseous fuels, 
however, are measured volumetrically and the air supply is calculated on 
this basis. 

Example 8. — Calculate the theoretical air requirements for the perfect 
combustion of a dry blast-furnace gas having an analysis by volume as 
follows: 

Per Cent Per Cent 

Carbon dioxide ^ 12.5 Hydrogen 3.5 

Carbon monoxide 25.5 Nitrogen 58.5 

' Solution. — The CO and H 2 arc the only combustible elements. From 
the coefficients of the molecular reactions, equations (11) and (12), it is 
evident that the CO and H 2 each require one-half their own volume of 
oxygen for complete combustion or | (25.5 + 3.5) = 14.5 cu. ft. per 
100 cu. ft. of gas. Since air is composed of 21 per cent by volume of 
oxygen, we have: 

Cu. ft. of air required per 100 cu. ft. of gas = 14.5 -5- 0.21 = 09 (tem- 
peratures and pressures assumed to be constant). 

45. Products of Combustion. — The character and amount of the pro- 
ducts of combustion resulting from the burning of the unit of any fuel 
depend upon the nature of the fuel, the air supply, and the conditions 
under which combustion takes place. For maximum heat efficiency, 
complete combustion with theoretical air requirements is necessary, and, 
considering commercial fuels in general, the resulting products should 
consist only of CO 2 , N 2 , H 2 O, SO 2 , ash, and oxides of minor combustible 
elements. If combustion is complete but air is used in excess of theo- 
retical requirements, the gaseous products will include free oxygen. If 
combustion is incomplete, CO, H 2 , soot, and various hydrocarbons may 
also be present. As the gaseous products resulting from complete com- 
bustion are colorless and invisible at chimney temperatures, visible smoke 
(other than that caused by the condensation of vapor or entrainment of 
ash particles) is an index to incomplete combustion. If the ultimate 
analysis of a fuel is available, it is a comparatively simple matter to cal- 
culate the character and amount of the products of combustion for com- 
plete oxidation; and, mce versa, given the character and amount of the 
products together with the analysis of the fuel, it is possible to determine 
the amount of air supplied. The calculations are best illustrated by an 
example. 
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Pure carbon 

Anthracite. . . 

Semi-anthracite. 
Semi-bituminous 

Bituminous 

Sub-bituminous. 


Peat 

Crude oil. 


59.42 5.50 
84.9013.7 


1.50 33.33 
0.60 0.80 


Example 9. — Determine the character and amount of the products of 
combustion if 1 lb. of coal, as per following ultimate analysis, is com- 
pletely burned (1) with theoretical dry air requirements, and (2) with 
20 per cent air excess: 



Per Cent as Fired 

Per Cent as Fired 

Carbon 

65.0 

Sulphur 

2.8 

Hydrogen 

4 4 

Free moisture 

8.8 

Oxygen 

7.2 

Ash 

10.5 

Nitrogen 

1.3 

Total 

100.0 


Solution. — The various steps are detailed in the following tabular 
chart. 

Principka of Combustion in The Steam Boiler Furnace^ A. D. Pratt. Published by 
The Babcock and Wilcox Co., New York. 

EkmerUa of Heat Power Engineering^ Hirshfeld and Barnard. Published by John 
Wiley and Sons, New York. 

Comhuation in The Power Plants T. A. Marsh. Published by Combustion Publishing 
Corp., New York. 

Properties of the Products of Combustion^ Combustion, Dec. 1923, p. 451. 

Reports Relative to Combustion AccessorieSj Combustion, Aug. 1923, p. 126. 
Interpretation of Flue Gas Analysis^ Combustion, Feb. 1924, p. 115. 

Fuels and Their Combustion^ Haslam and Russell. Published by McGraw-Hill Co. 
New York. ’ 

Sampling of Boiler-Flue Gases, Power, Nov. 23, 1926, p. 774. 
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CALCULATED RESULTS 

(CX>AL AS fired) 


Lb. of Substance per 100 Lb. of Ck>al 


Calculations for Perfect 
Combustion with 
Theoretical Air 
Requirements 

Flue Gases 

Elementary Constituents 

Dry Gases 

H 2 O 

C 

Hi 

i 

Ni 

Ot 

S 

COi 

SOi 

Ni 

The carbon: 

Carbon 





65 





65 X 44/12 

238 








65 X 32/12 






173 


65 X 32/12 X 77/23 . 

The available hydro- 
1 . gen: 

4.4 - 7.2/8 

(4.4 - 7.2/8)9 



580 

94* 

31.5 


3.5 

580 







(4.4 - 7.2/8)8 

(4.4 - 7.2/8)8X77/23 
The oxygen and inert 
hydrogen: 

Oxygen ... 




28 

.... 




94 




7.2 


Hydrogen, 7.2/8 




8.1 


0.9 



Combined H 2 O, 

7.2 + 7.2/8 




The sulphur:* 

Sulphur 

2.8 X 64/32 

2.8 X 32/32 


5.6 






2.8 





* 2.8 

2.8 X 32/32 X 77/23. . 
The nitrogen in the fuel 
is considered inert f 
The free moisture will 
appear as vapor 

9 . 3 ’ 

1.3 




*9.3 

1.3 


8 8 



Total 

238 

1 

5.6 

684.6 

48.4 

65 

1 

4.4 

1 

m 

211 

2.8 


* See end of paragraph (42). 

t This is not strictly true, since a portion of the nitrogen content of the fuel appears in the flue gas in 
combination with other elements, but the amount is so small compared with that supplied in the air that 
no appreciable error arises from the assumption that it remains inert and passes through the furnace without 
change. 

Total gaseous products = CO 2 + SO 2 + N 2 + H 2 O 

= 238 + 5.6 + 684.6 + 48.4 
= 976.6 lb. per 100 lb. of coal 
= 9.76 + lb. per lb. of coal 

Or, separating the compounds into their elementary constituents 

‘Total gaseous products = C + H 2 + O 2 + N 2 + S + Free HiO 
= 65 + 4.4 + 211 + 684.6 + 2.8 + 8.8 
= 976.6 lb. per 100 lb. of coal 
= 9.76 + lb. per lb. of coal 

‘ Atmospheric air may contain as much as 1.2 per cent by weight of water vapor; 
therefore t^ moisture content should be added if extreme accuracy is desired. 



















82 


STEAM POWER PLANT ENGINEERING 


Total dry gaseous products = total gaseous products — total H 2 O 

= 976.6-48.4 = 928.2 lb. per 100 lb. of coal 
= 9.28 + lb. per lb. of coal 

Dry air supplied = total (N 2 + O 2 ) — (N 2 + O 2 ) in the fuel 
= (684.6 + 211) - (1.3 + 7.2) = 887.1 lb. 
per 100 lb. of coal 

, = 8.87 lb. per lb. of coal 

-(Which checks with the results as calculated from equation (16).) 

Considering the second phase of the example; viz., complete com- 
bustion with 20 per cent air excess, it will be found that the only change 
in the products of combustion will be the addition of 20 per cent of the 
weight of oxygen and nitrogen furnished by the air, or 0.20 X 2.038 = 
0.407 lb. of free oxygen and 0.20 X 6.833 = 1.367 lb. of nitrogen. There- 
fore, the total dry gaseous products will consist of 2.38 lb. CO 2 ; 0.066 lb. 
SO 2 ; 6.846 + 1.367 = 8.213 lb. N 2 ; and 0.407 lb. free O 2 , a total of 
11.056 lb. per lb. of coal.^ 

In practice, the gaseous products of combustion are measured volu- 
metrically (see paragraph 349), and the various constituents are ex- 
pressed in per cent of the total volume of dry gas. Equations (8) and 
(9) offer a simple means for transferring the several quantities from a 
weight to a volume basis. This is best illustrated by an example. 

Example 10. — Calculate the actual volume under standard conditions 
and the per cent by volume of CO 2 , SO 2 , O 2 , and N 2 in the total dry gaseous 
products for the data given in the preceding example. 

Solution. — Multiply the weight of each constituent by 385/m, (sec 
equation 9), and the product ^ves the actual volume under standard 
conditions. In dealing with ratios by volume, the constant 385 cancels 
out and need not be considered. Thus, for maximum CO 2 , 

2 38 — 44 

Percent CO, by volume = »» ^ 44 + 6.846 -e 28 + 0.056 1- 64 " 

The various steps and results for the other elements are shown in the 
following tabular chart: 


PRODUCTS OF COMBUSTION 
(theoretical air requirements) 


Substance 

Weight, Lb. 

w* 

Molecular 

Weight 

m 

Volume 

Per Cent by Vol. 
in Total Dry Gas 
100 w/m -5- 0.299 

Relative 

w/m 

Cu. Ft. 

385 w/m 

COi 

2.380 

44 

0.054 

20.8 

18.1 

N, 

6.846 

28 

0.244 

93.9 

81.6 

SO* 

0.066 

64 

0.001 

0.4 

0.3 


9.282 


0.299 

115.1 

100.0 


^ Values have been carried out to three decimal places in order to check with subse- 
quent calculations. In practice such refinement is without purpose since gas analyses 
are apt to be in error as much as 10 per cent. 
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PRODUCTS OF COMBUSTION — (Con/mwed) 


(complete combustion with 20 PER CENT AIR EXCESS) 




44 

0.054 

20.8 

15.0 



28 

0.293 

112.8 

81,2 

BqIIIIIIIIIII 


32 

0.013 

5.0 

3.6 


0.056 

64 

0.001 

0.4 

0.2 

ihbh 

11.056 


0-361 

139.0 

100.0 


* As calculated in Example 9. 

t In the commercial analysis of fuel gases, part of the S 02 is absorbed by the water in the sampling ap- 
paratus, while some of it probably goes into the COs pipette. Furthermore, all of the sulphur in the fuel does 
not burn to SOs, and a considerable portion may remain in the ash. It is difficult to determine the exact 
distribution, but since the volume of SOs is ordinarily very small, it is common practice to disregard it 
entirely. 

\ 

Example 11. — Determine the volume of air necessary per cu. ft. of 
gas and the resulting per cent of CO 2 in the dry products of combustion, 
when blast-furnace gas of the following composition by volume is com- 
pletely burned with theoretical air requirements: 

CO 2 11.5 per cent N 2 59 per cent CO 27 per cent H 2 2.5 per cent 

Solution. — The CO and H 2 are the only combustible elements. From 
the molecular reactions, 2 CO + O 2 = 2 CO 2 , and 2 H 2 + O 2 = 2 H 2 O, 
it is evident that 2 volumes of CO combine with 1 /olume of O 2 to form 
2 volumes of CO 2 , and similarly, 2 volumes of H 2 combine with 1 volume 
of O 2 to form 2 volumes of H 2 O. That is, 1 cu. ft. of CO and 1 cu. ft. of 
hydrogen require 1/2 cu. ft. of oxygen each for complete combustion, 
and 1 cu. ft. of CO will produce 1 cu. ft. of (^02. Since air is composed 
of 21 per cent oxygen and 79 per cent nitrogen by volume, the ratio of the 
nitrogen and of the air to the oxygon is 79/21 = 3.76 and 100/21 = 4.76, 
respectively, and we may proceed as follows: 


Composition of 

Gas 

Calculation 

Volume, Cu. Ft.* 

Theoretical 

Requirements 

Dry Flue Gas 

Element 

Cu. Ft. 

02 

Air 

CO 2 

Nt 

CO,... 
N,.... 
CO. . . . 

H,. . . . 

0.115 

0.590 

0.270 

0.025 

Remains unchanged 
(( << 

0.270 X 1.0 

0.270 X 0.5 

0.270 X 0.5 X 4.76 

0.270 X 0.5 X 3.76 

0.025 X 0.5 

0.025 X 0.5 X 4.76 

0.025 X 0.5 X 3.76 



0.115 




0.590 




0.1350 



C.643 






0 0125 



0.060 










1.000 


0.1475 

0.703 

0.385 

1.140 


* Temperaturee and pressures assumed to be the same as in the original composition. 


Air reqxiired =* 0.703 cu. ft. per cu. ft. of gas; CO, = 100 X 0.386 
(0.385 -I- 1.14) = 25.2 per cent. 

Properties of the Products of Combustion; Combustion, Dec., 1923, p. 451. 
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46. Flue-gas Analysis. — It has been shown that the products of com- 
bustion, commonly called flue gases, resulting from the complete oxida- 
tion of a fuel with theoretical air supply, consist chiefly of N2 and COa, 
with small amounts of water vapor and SO2. It was also shown that 
with a deficient air supply the flue gases may contain CO, H2, and vary- 
ing amounts of hydrocarbons. If air excess was used in the combustion 
process or air leaked into the setting, free O2 would also be present in the 
gases. Evidently an analysis of the flue gases is an index to the amount 
of air furnished and, as will be shown later, is an important factor in de- 
termining the heat losses incident to combustion. The various ap- 
pliances for sampling and analyzing the gaseous products of combustion 
are described in Chapter XVIII. 

If a sample of flue gas shows the presence of only CO2, N2, H2O and 
possibly SO2, it is positive evidence that combustion is perfect. This 
result cannot be obtained in the commercial combustion of any fuel; be- 
cause of the impossibility of completely oxidizing the combustible ele- 
ments with the theoretical air supply. 

If free O2 is present with the CO2, N2, and SO2, combustion is complete, 
but air has been supplied in excess of theoretical requirements. In prac- 
tice, air excess is necessary, the minimum amount in an air-tight setting 
varying from 10 to 50 per cent or more, depending upon the nature of 
the fuel, the design of the furnace equipment, and the rate of combustion. 



Excess for the Complete Combustion of Typical Fuels. 

For complete combustion with air excess, the percentage of CO2 or O2 is 
a true index of the excess, but it should be borne in mind that the maxi- 
mum theoretical per cent of CO2 is a function of the fuel itself and ranges 
from about 9 per cent for by-product coke-oven gas to over 25 per cent 
for dry blast-furnace gas. This is illustrated in Fig. 14 . 
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If CO, Hs, or other combustibles are present in the flue gases, it is 
evident that combustion is incomplete, and if there is no free O2, the air 
supply is deficient. However, the flue gases may contain CO, H2, and 
other combustible gases, and considerable free O2. This apparent anomaly 
is due to the fact that: ( 1 ) the combustible gases and the air supply 
have not been thoroughly mixed while in the zone of combustion; ( 2 ) the 
furnace temperature has been too low for proper ignition; or ( 3 ) there 
has not been sufficient time for combustion to be complete. Concen- 
tration, mixing, temperature, and time of control are interrelated, and 
each of these factors is essential for good combustion. 

For each fuel there will be a definite percentage of the different con- 
stituents in the gaseous products incident to perfect combustion, but 
such percentages will vary not only for different classes of fuels, but 
eyen widely with different fuels of the same class. The actual volume 
of CO2 resulting from the complete combustion of a specific fuel is con- 
stant, irrespective of the air excess, but the percentage by volume de- 
creases as the excess increases. Furthermore, the pctual volume of free 
oxygen and the percentage by volume increases with the amount of excess 
air; therefore, either the CO2 or the free O2 is a true index to the air ex- 
cess for the complete combustion of the given fuel. If, however, com- 
bustion is incomplete, neither the percentage of CO2 nor that of O2 is an 
accurate index to the air excess unless the character and the amount of 
the unburned combustible are known. In commercial boiler furnace 
practice, the unburned combustible in the flue gas is usually small in 
amount, so that either the O2 or CO2 is a fairly satisfactory index. The 
percentage of CO2 is universally used as the index because of the ease 
with which it is obtained. The percentage of CO2, by volume, in the 
dry gaseous products for complete combustion of several classes of fuels 
with varying air excess, is shown in Fig. 14 . 

Recent Deveto'pmerUs in Flue Gas Arudysis: Power, Sept. 18, 1923, p. 461. 

Interpretation of Flue-gas Analysis: Combustion, Feb., 1924, p. 115. 

47. Air Actually Supplied for Combustion. — In practice, the amount 
of air supplied is measured directly in situations where such measurements 
can be readily made, as in connection with mechanical draft, or where 
the entire air supply is forced to flow through a conduit, or the equivalent. 
Changes in the rate of flow may also be closely approximated by noting 
the pressure drop across the boiler. (See paragraph 343 .) In most 
cases, however, physical measurements of flow are not feasible, and the 
amount of air supplied is calculated from the flue-gas analysis. The 
latter offers an accurate method for determining air excess, provided the 
sample of gas is truly representative of average conditions. 
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If CO*', CO', 0*', N 2 ' = proportional part hy weight of the carbon dioxide, 
carbon monoxide, free oxygen, and nitrogen in the dry flue gas, then the 
weight of carbon in the CO* = 3/11 COa' and that in the CO = 3/7 CO'. 
The weight G of dry gas per lb. of carbon actually burned is 

^ . CO 2 ' + O 2 ' + CO' + Na' 

3/11 CO 2 ' + 3/7 CO' ^ 


If CO 2 , CO, O 2 , Na = percentages by volume of these constituent gases, 
then COa' = CO 2 X 44/385, Oa' = O 2 X 32/385 etc. (See equation 9.) 
Substituting these values in equation (18) and reducing, we have‘ 

^ _ 11 COa + 8 Oa + 7 (CO + Na) 

3 (COa + CO) 


Since COa + CO + Oa + Na = 100, neglecting traces of minor con- 
stituents, CO = 100 — COa — Oa — Na. Substituting this value of CO 
in the numerator of equation (19) and reducing, we have 


4 COa + Oa -I- 700 
3 (COa + CO) 


( 20 ) 


Example 12. — Determine the weight of dry air supplied per lb. of coal 
as fired, analysis as in Example 9, if the flue gas resulting from the com- 
bustion is composed (per cent by voliune) of 

COa 12.8 Oa 5.4 

CO 0.6 Na 81.2 

Solution. — Substitute the various percentages in equation (20) and 
solve, thus: 

G = ^ ^3^(12 ^+ 0 ^ ~ ^ 

actually burned. 

Since the coal as fired contains 0.65 carbon, the dry gas per lb. of coal = 
18.82 X 0.65 = 12.23 lb. If part of the coal falls through the grate, as 
is always the case in practice, the weight of carbon actually burned should 
be taken instead of the total carbon content. 

The total weight of dry air actually supplied per lb. of coal burned is 

12.23 - 0.65 + 8 (0.044 - 0.072/8) = 11.86 


* If SOa and free H are present in appreciable quantities, this expansion should have 
16 SOi and } H added to the numerator; if the hydrocarbons, CaHa and CHa are also 
present 7 CaHa and 4 CHa should be added to the numerator, and CHa and 2 CaHa 
should be added to the parenthesis of the denominator. Except in special cases where 
the content of these gases is high, or where extreme accuracy is desired, it is common 
practice to disregard the presence of these constituents in calculating the air supply. 
The average flue-gas analysis is an approximation at the best, and refinement in calcu- 
lafitm is without purpose. 
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■ ^ It been previously shown (Example 7) that the coal under con- 
sideration requires 8.87 lb. of air for theoretical combustion, hence, 

Air excess = 100 (11.86 — 8.87)/8.87 = 33.6 per cent. 

The 7 N in equation (19) represents the N supplied by the air less the 
negligible amount furnished by the coal itself. Since the nitrogen con- 
tent of air is 77 per 6ent of the weight of the air, we have 

7N 3.03 N 

* 3 (CO 2 + CO) • CO 2 + CO ^ ^ 

in which 

A 2 = the weight of dry air supplied per pound of carbon burned. 

N, CO 2 , CO = percentages by volume of nitrogen, carbon dioxide and 
carbon monoxide in the flue gas. 

For the example cited above: 

A* = 3.03 X 81.2 -5- (12.8 4- 0.6) = 18.36 lb. 

For the coal under consideration: 

Dry air per lb. = 0.65 X 18.36 = 11.93 


This checks approximately with results calculated from equation (20). 

The term 7 N in equation (19) neglects the nitrogen content of the fuel 
itself, and for this reason the formula is not applicable to fuels high in 
nitrogen, as for example, blast-furnace gas. 

The percentage of CO 2 by volume, in the dry gaseous products, for 
complete combustion of several classes of fuels with varying air excess 
is shown in Fig. 14. 

For a given furnace and a given fuel, there is a definite air excess which 
gives the maximiun overall commercial efficiency, but this can be deter- 
mined only by actual service test. 

Effect of Air Excess on Flue Temperatures and on Efficiency: Power, Apr. 22, 1924, 
p.634. 


48. Temperature of Combustion. — The actual temperature of the fur- 
nace, fuel bed, or any other part of the furnace equipment is most 
satisfactorily determined by means of a suitable pyrometer. Great 
care, however, must be used in making such measurements, as shown in 
Bui. 145, U. S. Bureau of Mines, 1918, by Kreisinger and Barkley. The 
maximum theoretical temperature resulting from the combustion of any 
fuel may be calculated from the simple relationship 

Heat absorbed heat given up 
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Assuming that all the heat generated is absorbed by the products of 
combustion, this relationship may be expressed 

wc {tx — t) = H (22) 

in which 

w = weight of the products of combustion, lb. per lb. of fuel 
c = mean specific heat of the products of combustion 
h = final temperature of the products of combustion, deg. fahr. 
t = initial temperature of the fuel and air supply, deg. fahr. 

H = heat actually liberated by the combustion of the fuel, B.t.u. per lb. 

The final temperature, h, as calculated from equation (22) is purely 
hypothetical and can never be realized in practice, because no apparatus 
has been constructed which permits all of the heat liberated to be absorbed 
by the products of combustion. In any kind of an enclosed furnace — 
as in a reverberatory, or a blast furnace, or beehive oven — temperatures 
calculated by means of equation (22) are much nearer the actual value 
than those found in boiler furnaces, chiefly on account of the heat radiated 
from the fuel bed or furnace walls to the cooler surrounding surfaces. By 
including a suitable factor for radiation, equation (22) may be used for 
approximating the actual temperature of combustion; but attention 
should be called to the fact that this factor (as well as c, <, and H in 
equation (22)), is the product of many variables and requires careful 
analysis for even approximate results. If r = heat radiated to and ab- 
sorbed by the surrounding cooler surfaces, B.t.u. per lb. of fuel, equation 
(22) may be expressed 

wc{ti — t) + r = H (23) 

The weight of the gaseous products of combustion may be calculated 
from the flue-gas analysis, as shown in paragraph 46, or it may be pre- 
determined for any assumed air excess and completeness of combustion, 
as shown in paragraph 45. The mean specific heat may be closely ap- 
proximated, as shown in the latter part of this paragraph. The heat 
actually liberated by the combustion of the fuel may be obtained with a 
fair degree of accuracy by subtracting the heat loss due to incomplete 
combustion from the total heat value of the fuel. The amount of heat 
transmitted by radiation may be roughly approximated from equation 
(42). 

Example 13. — Required the theoretical temperature of combustion 
of carbon in air, if SO per cent air excess is necessa^ for complete combus- 
tion and there is no radiation or other loss; initial temperature of air 
and fuel, 60 deg. fahr. Required also the amoimt of heat transmitted by 
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radiation if the actual temperature is 600 degrees less than the theoretical 
maximum. 

Solution. — One lb. of carbon requires 11.58 lb. of air for complete 
combustion without air excess; therefore, the weight of the gaseous 
products for 60 per cent air excess = 1.5 X 11.58 + 1 = 18.37 lb. Sub- 
stituting w = 18.37, c = 0.265 (assumed), ^ = 60 in equation (22) and 
reducing 

18.37 X 0.265 {h - 60) = 14,600 
t\ = 3100 deg. fahr. (approx.) 

Since the actual temperature = 3100 - 500 = 2600, the amount of heat 
transmitted by radiation may be calculated by substituting this value 
for r in equation (23) thus: 

18.37 X 0.265 (2600 - 60) + r = 14,600 
r = 2235 B.t.u. per 1b. of carbon, or 
15.3 per cent of the calorific value of the fuel. 

In modern stoker-fired furnaces where a large portion of the boiler 
heating surface is exposcid to radiation, as much as 50 per cent of the 
total heat absorbed by the boiler is transmitted through radiation. In 
enclosed furnaces of the Dutch Oven type, this quantity is frequently 
less than 10 per cent. 

In practice, the maximum furnace temperature is limited by the soften- 
ing point of the refractories and the formation of objectionable clinker. 
In order to maintain a safe fuel-bed temperature, and at the same time 
reduce the amount of air excess to a minimum, a large portion of the 
boiler heating surface is exposed to direct radiation from the fuel bed, and 
the furnace walls are artificially cooled by air currents, or by plain, finned, 
or metal-sheathed tubes through which steam and water are circulated. 

Data relative to the specific heats of gases are rather discordant. The 
following equations are considered to be as nearly accurate as any. (Sec 
Principles of Thermodynamics, G. A. Goodenough, 3rd. ed. p. 276.) 


For N 2 and < 

c 

= 

0.246 

+ 

0.000,009 t 

(24) 

O 2 

c 

= 

0.215 

+ 

0.000,008 t 

(25) 

H 2 

c 

= 

3.44 

+ 

0.000,135 t 

(26) 

Air 

c 

= 

0.238 

+ 

0.000,0086t 

(27) 

CO 2 

c 

= 

0.2 

+ 

0.000,0365« - 0.000,000,004 f* 

(28) 

‘H 2 O 

c 

= 

0.433 

+ 

0.000,0432< + 0.000,000,0023 

(29) 


C = mean specific heat at constant pressure between zero and t deg. 
fahr. 

Between 2000 deg. fahr. and 2800 deg. fahr., the results are uncertain, 
and dependence can be placed only in the first two significant figures in 

^ Absolute pressure, 0.5 lb. per sq. in. 
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the decimal. Beyond 2800 deg. fahr., the results are purely conjectural, 
since experiments have not been made at these high temperatures. 

If the mean specific heats, cict . . . Cn, and weights wi W 2 . . . 
of the constituent gases of a compound are known, the mean specific 
heat of the compound may be determined as follows: 

c = + . . .+w^ ^3 

W1 + W2 .... + Wn 

The application of equations (24-29) at high temperatures to equations 
(22-23) necessitates laborious calculations; and since the results are only 
approximate at the best, extreme refinement in calculation is without 
purpose. The curves in Fig. 15 are plotted from these equations and 
afford a means of approximating the specific heat without the labor of 
solving the equations. 



Fia. 15. Mean Specific Heat of Gases. 

49. Losses In Burning Fuels. — A boiler, in order to entirely utilize 
the heat of combustion of the fuel, must be free from radiation and leak- 
age losses, the fuel must be completely burned, and the products of com- 
bustion must be discharged to waste at a temperature somewhat below 
that of the initial fuel and air supply. While it is possible to design a boiler 
and furnace to effect this result within 1 per cent or so of perfection, such 
an installation would not' be a commercial success with fuels at the present 
price, because of high first cost and cost of operation and maintenance. A 
boiler which absorbs 85 per cent of the heat value is exceptional, and an 
average figure for very good practice is not far from 80 per cent. The 



COMBUSTION OF FUELS 91 

various losses, including the heat utilized, constitute the boiler and fur- 
nace heat balance/' The losses usually considered are: 

Developed heat discharged through stack 

1. Dry chimney gases 

2. Moisture in fuel 

3. Moisture from combustion of hydrogen 

4. Moisture in the air 

Fuel losses 

а. Loss due to carbon monoxide 

б. Loss of fuel through grate 

c. Unburned fuel (other than carbon monoxide) 

Radiation and unaccounted for. 

, Some of these losses are preventable; others are inherent and cannot 
be avoided. 

The heat losses incident to the combustion of fuels in boiler units are 
the products of many variables; and while it is possible to establish 
empirical rules which give satisfactory results within a limited range, the 
rational calculations are comparatively simple and therefore no attempt 
will be made to include empirical factors. Considerable time, however, 
may be saved by substituting constants for variables and reducing the 
equation to its simplest form, provided the variation in the assumed 
values for the constants is not sufficiently great to seriously affect the 
results. 

50. Sensible Heat Lost In the Dry Chimney Gases. — This loss depends 
upon the nature of the fuel, type and proportions of boiler, fprnace and 
setting, and upon the rate of driving. It is usually the greatest of all the 
losses. The heat carried away may be expressed: 

hi = w {tc — t) Cj (31) 

in which 

hi = B.t.u. lost per lb. of fuel 
y) =z weight of dry chimney gases per lb. of fuel 
tc = temperature of the escaping gases, deg. fahr. 
t = temperature of the air entering the furnace 
c = mean specific heat of the dry gases. (This may be taken as 0.24 
for most purposes.) 

A glance at equation (31) will show that this loss may be reduced (1) 
by decreasing the weight of the products of combustion and (2) by re- 
ducing the temperature difference between the air entering the furnace 
and the fine gas leaving the boiler. 
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To reduce the weight of the products of combustion, the air excess must 
be lowered. For a given furnace and boiler equipment, and fuel, there 
is a definite air excess which gives the maximum overall efficiency, but 
this can be determined only by actual service test. With gaseous, liquid, 
and powdered fuels, this excess may be kept within 10 to 20 per cent 
over theoretical air requirements, but with bulk fuels, the minimum ex- 
cess is seldom less than 35 per cent, except in connection with scientifi- 
cally operated large plants. In the average plant, the excess ranges from 
60 to 200 per cent or more. 

The temperature difference between the air supply and flue gas may 
be reduced by preheating the air, or by lowering the flue gas temperature, 
or both. Unfortunately, this temperature difference for a given equip- 
ment and fuel is a function of the air excess and rate of driving, and there- 
fore cannot be reduced per se. This is on the assumption, of course, that 
neither economizer nor air preheater element is installed. 

It is possible to abstract as much heat from the flue-gases by the air pre- 
heater as with the economizer. By using air in this manner, the maximum 
opportunity for raising the turbine room efficiency is offered, and in the 
boiler room the same heat from the flue-gases can be recovered but with ad- 
ditional intermediate improvement in combustion efficiency. Combustion 
reactions are greatly accelerated by increasing the temperature, and with 
preheated air it is therefore possible to more nearly obtain complete com- 
bustion with lower percentage of air both on the grate and in the combus- 
tion chamber. Preheating air not only increases efficiency but makes possi- 
ble higher rate of combustion with low ashpit losses. See paragraph 264. 

Considering the temperature of the air supply as atmospheric, 
which is the case in the great majority of installations, the tempera- 
ture difference can be reduced only by lowering that of the flue gas. 
This may be readily accomplished through the use of economizers (see 
paragraph 261), but for the boiler proper, air excess above the mini- 
mum for best efficiency usually results in increased flue-gas tempera- 
tures, though, of course, it is possible to carry this dilution to a point 
where the flue-gas temperature will be lowered. The theory involved 
in this apparent anomaly includes such factors as heat-transfer rates, 
difference in temperature between the gases and the absorbing surface, 
the percentage of the total heat absorbed through radiation and con- 
vection, and so on; but the fact remains that for a given equipment, fuel, 
and load, air excess above a certain minimum results in increased flue- 
gas temperatures. A high percentage of CO 2 is frequently accompanied 

^ Preheat and Excess Air on Combitstion of Fml: Power, June 14, 1921, p. 960; Aug. 
30, 1921, p. 339; Nov. 29, 1921, p. 844; Apr. 22, 1924, p. 634; N.E.L.A. Prime Movers 
Report, No. 267-69, June, 1927. 
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by a high CO content, sometimes leading to secondary or delayed combus- 
tion between the boiler tubes, and resulting in increased temperature of 
the flue gases. The temperature of the flue gas cannot be made lower 
than that of the heat-absorbing surface with which it was last in contact, 
and, as a matter of fact, ranges anywhere from 15 to 400 degrees above 
that minimum. See Figs. 55 and 65. 

The heat discharged by the dry chimney gares ranges from 3.8 per 
cent of the total heat generated in the best recorded performance of a 
powdered-coal plant with economizer, to 30 per cent or more in poorly 
operated bulk-fuel plants. See typical heat balances, Tables 18 and 19. 
The curves in Fig. 16 give the dry chimney-gas loss for different fuels 



Fia. 16 . Relation Between the Sensible Heat Loss in the Dry Flue Gases and the 
Per Cent of CO2 for Complete Combustion of Typical Fuels. 


with varying degrees of air excess, as indicated by the CO 2 content for 
each 100 degrees difference in temperature between that of the air sup- 
ply and the flue gas. 

Example 14 . — Calculate the sensible heat loss in the dry chimney 
gases if pure carbon is completely burned with 50 per cent air excess, 
initial temperature 60 deg. fahr; flue-gas temperature 460 deg. fahr. 

Solution. — The weight of dry chimney gases for the complete com- 
bustion of pure carbon with 50 per cent air excess is 1.5 X 11.58 + 1 = 
18.37 lb. per lb. of carbon. Substituting w = 18.37, t = 60, tc = 460 
in equation (31) and reducing we have 

hi = 18.37 (460 ~ 60) 0.24 = 1763 B.t.u. per lb. 

1763 -J- 14,600 = 0.12 = 12 per cent of the heat value of the carbon. 

51. Heat Loss Due to Evaporating the Moisture In the Fuel. — Moisture 
in fuel reduces the efficiency of the steam-generating apparatus by dis- 
charging heat up the stack in the form of highly superheated steam. 
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Except with green fuels very high in moisture content, such as bagasse, 
tanbark, wood and the like, the heat loss is of small consequence. On the 
other hand, many coals burn to better advantage when properly tempered 
(moistened) than when burned dry. According to tests conducted by 
T. A. Marsh^ with Western coals, (1) properly tempered coal has less 
resistance to air flow than either very wet or very dry coal, (2) very wet 
coal has less resistance to air flow than very dry coal, (3) properly tempered 
coal bums to a cleaner ash by decreasing the fuel-bed resistance, and (4) 
properly tempered coal causes less siftings than dry coal and is produc- 
tive of fewer holes in the Are bed. Exhaust steam for tempering pur- 
poses gives very satisfactory results and is extensively used. See also 
paragraph 103. 

The loss due to evaporating the moisture may be expressed 

h2^w{H - exit - 32) + c' {tc - <')] (32) 

in which 

h% = B.t.u. lost per lb. of fuel, 

w = weight of free moisture per lb. of fuel, 

H = total heat of 1 lb. of saturated steam above 32 deg. fahr., corre- 
sponding to the temperature at which evaporation takes place. 

Cl = mean specific heat of water, 32 to t deg. fahr. 
t = temperature of the fuel, deg. fahr., 

c' = mean specific heat of the water vapor, % to t deg. fahr., 

tc == temperature of the chimney gas, 

t' = temperature at which evaporation takes place, deg. fahr. 

The temperature at which evaporation begins is low because of the 
low partial pressure of the vapor in the gaseous products of com- 
bustion and may range from 70 to 120 deg., depending upon the 
composition of the gases and the amount of moisture evaporated. 
Fortunatdy, the term 11 — c't' is practically constant for a wide 
range of t' and consequently a knowledge of the actual value for each 
set of conditions is not necessary for the purpose at hand. 

Assuming c' = 0.46, Ci = 1 and taking H from the steam tables for all 
values ranging from t' = 70 to t' = 120 deg., we find that H — 0.46 1' = 
1058.6. Substituting this value in equation (32) and reducing 

hi (1090.6 - t + 0.46 Q (33) 

The loss due to superheating the free moisture under average boiler 
operating conditions is approximately 12.5 B.t.u. for each per cent of 
moisture. Thus with wood waste containing 50 per cent moisture, the 

^ Power Plant Engineering, Feb. 15, 1923, p. 215: Combustion, Jan., 1924, p. 37. 
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loss would be about 15 per cent of the heat value of the fuel as fired. 
With ordinary good coal, the loss seldom exceeds 0.5 per cent of the heat 
value of the fuel as fired. 

What Happens to Moisture When it Enters the Furnace: Power, Oct. 30, 1923, p. 
700; Dec. 18, 1923, p. 1001. 

52. Loss Due to the Combustion of Hydrogen in the Fuel. — The 

hydrogen (other than that in the free moisture) in any fuel bums to 
water, and in so doing liberates a certain amount of heat. All of this 
heat is not available for producing steam in the boiler, since the water 
formed by combustion is discharged witli the flue gases as superheated 
steam at chimney temperature. This loss is equal to 

hs = 9 H (1090.6 ~ t + 0.46 Q (34) 

in which 

hs = B.t.u. lost per lb. of fuel 
H = weight of hydrogen per lb. of fuel. 

All other notations as in equation (32) and (33). 

With anthracite coal this loss is approximately 2.5 per cent of the total 
heat value of the combustible, and with bituminous coal it runs as high 
as 4.5 per cent. With fuel oil the loss is approximately 6.5 per cent, and 
with coke-oven gas about 14 per cent of the heat value of the fuel. With 
economizers., these losses may bo reduced considerably. 

53. Heat Loss Due to Superheating the Moisture in the Air. — The loss 
due to this cause is a minor one, though on hot humid days it may be 
appreciable. Except in very carefully conducted boiler tests, it may be 
disregarded, since its value is usually less than the errors of observation 
of many of the influencing factors. This loss may be expressed: 

^4 = wc {tc — t) (35) 

in which 

hi = B.t.u. lost per lb. of fuel, 

w = weight of moisture introduced with the air per lb. of fuel, 
c = mean specific heat of water vapor, t to tc deg. fahr., 
t = temperature of air entering the furnace, deg. fahr., 
tc = temperature of chimney gases, deg. fahr. 

w = zdvA (36) 

in which 

z = relative humidity (see paragraph 409), 

d = weight of 1 cu. ft. of water vapor at t deg, fahr. (this may be 
taken directly from steam tables). 
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V = volume of 1 lb. of dry air plus its moisture content at t deg. fahr., 
cu. ft. (for the purpose at hand this may be taken as the 
volume of 1 lb. of dry air). 

A =5 weight of dry air supplied per lb. of fuel. 

This loss seldom exceeds 0.5 per cent of the heat value of the com- 
bustible portion of the fuel and is ordinarily less than 0.3 per cent. 

Example 16. — Calculate the heat lost in superheating the moisture in 
air under the following conditions: Temperature of air entering furnace, 
100 deg. fahr.; temperature of flue gases, 550 deg. fahr.; relative humidity 
of air entering furnace, 40 per cent; weight of air supplied per lb. of fuel, 
18 lb.; heat value of the fuel fired, 12,500 B.t.u. per lb.; standard at- 
mospheric pressure. 

Solution. — From steam tables for i = 100, we find d = 0.00285 lb. 
and by means of equation (8) we calculate v = 14.11 cu. ft., A = 18 lb., 
and z = 0.40 as stated. Substituting these values in equation (36) and 
reducing, we have v) = 0.40 X 0.00285 X 14.11 X 18 = 0.29. 

c may be taken as 0.46. Substituting c = 0.46, tc = 550 and t == 100 
in equation (35) and reducing we have 

hi = 0.29 X 0.46 (550 - 100) 

== 60 B.t.u. per lb. of fuel. 

60 12,500 = 0.005 = 0.5 of 1 per cent of the heat value of the fuel. 

54* Loss Due to Carbon Monoxide. — In the absence of sufficient oxygen 
for their complete combustion, the complex hydrocarbons, constituting 
the volatile matter leaving the fuel bed, are quickly decomposed by the 
high furnace temperature into soot, H2 and CO. The formation of the 
latter is due to the presence of CO2 and the small supply of oxygen. 
The persistence of CO in the furnace gases is due to the constant reaction 
between soot, H2 and CO2, and not to the difficulty of burning it. CO 
comprises approximately 80 per cent of the combustible gases; the other 
20 per cent consists mainly of hydrogen and a trace of methane (CH4). 
Unless sufficient oxygen is present to completely oxidize the products of 
distillation within the combustion zone, or the mixture of air and gases 
is not thorough, or the temperature is below the ignition point of the 
gases, some of the carbon may escape as CO. The presence of even a 
small amount of CO in the flue gas is indicative of an appreciable heat 
loss, as will be seen from Table 13. CO is invisible, and its presence in 
the flue gases therefore cannot be detected except by analysis. 

If C is the proportional part of the carbon in the fuel which is advAlly 
burned, and CO2' + CO' = percentage by weight of the CO2 and CO in 
the dry flue gas, then the wei^t of carbon in the CO2 = 3/11 CO2', and 
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that in the CO = 3/7 CO', and the weight Wa, of CO per lb. of fuel as fired 
is 




CO' 

3/11 COs' + 3/7 CO' 


(37) 


If CO* and CO = percentage by vohme of these constituents, then 
CO*' = CO* X 44/385 and CO' = CO X 28/385. (See equation 7.) 
Substituting these values in equation (37) and reducing, we have 


Wco = G 


7 CO 

3 (CO* + CO) 


(38) 


But 3/7 of the weight of the monoxide is carbon; therefore, the weight 
of carbon, «>«, in the CO content of the flue gas, per lb. of fuel as fired is 
3/7 Wa, or 


Wc = 


C 


CO 

CO* + CO 


(39) 


Since the heat of combustion of C to CO is 4,440 B.t.u. against 14,600 
B.t.u. for complete combustion of C to CO*, the heat loss may be 
expressed 

h^w, (14,600 - 4,440) = C (40) 

in which 

h = heat loss due to the escape of CO, B.t.u. per lb. of fuel as fired. 

Other notations as previously defined. 

This loss may be reduced to a negligible quantity in a properly de- 
signed and carefully operated furnace. * In fact the loss from this cause 
is often exaggerated and seldom exceeds 1 per cent of the total heat value 
of the fuel except during the few moments following the replenishing of a 
burned-down fire with fresh fuel or when the supply of air is checked to 
meet a sudden reduction in load. In improperly designed furnaces in 
which the volatile gases and air supply are not thoroughly mixed before 
leaving the furnace, or where the temperature of the products of com- 
bustion is reduced below the ignition point of the gases before oxida- 
tion is complete, a considerable amount of CO may escape unbumed, and 
in such a case the loss may prove to be a serious one. 

High efficiencies necessitate minimum air excess; hence the presence of 
a small amount of CO may be expected in the flue gas for high percentages 
of CO 2 . In a number of recent tests of modern central station boilers 
operating 160 to 350 per cent of standard rating, the loss due to the es- 
cape of CO in the flue gas ranged from 0.2 to 1.95 per cent of the heat 
value of the fuel (western bituminous) with a general average, extended 
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TABLE 13 

LOSS DUB TO INCOMPLETE COMBUSTION OP PURE CARBON TO CARBON MCH^OXIDB 
Per Cent of the Calorific Value of Carbon 

Per Cent by Volume of COs in the Dry Flue Gas 



4 

6 

8 

10 

12 

14 

16 

18 

0.1 

1.70 

1.15 

0.86 

0.59 

0.53 

0.49 

0.43 

0.39 


3.33 

2.26 

1.70 

1.37 

1.15 

0.99 

0.86 

0.77 


4.89 

3.33 

2 53 

2 07 

1 70 

1.47 

1.29 

1.15 


6.37 

4.35 

3.33 

2.69 

2.26 

1.94 

1.70 

1.37 


7.79 

5.38 

4.12 

3 33 

2.80 

2.41 

2.12 

1.89 

0.6 

9.41 

6.36 

4 88 

3.96 

3.33 

2.87 

2.53 

2.26 



7.30 

5.14 

4.58 

3 86 

3 33 

2.93 

2.64 

HtiEH 


8.24 

6.36 

5.18 

4 37 

3.78 

3.33 

2.98 



9.14 

7.08 

5.28 

4.88 

4.23 

3.73 

3.33 




7.78 

6.36 

5.38 

4.66 

4 22 

3.68 

1.2 



9.12 

7.50 

6.36 

5 62 

4.88 

4 37 

1.4 




8.59 

7 31 

6.36 

5.63 

5.05 

1.6 




9.65 

8.22 

7.18 

6.36 

5.70 

1.8 





9.14 

7.98 

7.08 

6.37 

2.0 






8.75 

7.78 

7.00 


Heat value of carbon assumed to be 14,600 B.t.u. per lb. 

The entire carbon content of the fuel assumed to be burned to CO and COz. 


over several days, of 0.4 per cent. In these tests the per cent of CO 2 in 
the flue gas ranged from 11.95 to 15.45. The CO content appears to in- 
crease with the increase in CO 2 and furnace temperature, as shown in 



Fig. 17. Relation of Gas Composition to Temperature. 


Fig. 17, the curves of which are based on tests of a 250-hp. Heine boiler, 
hand-fired. Almost complete absence of CO is to be expected with 
moderate air excess in any well-designed furnace; but it is possible for a 
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high percentage of CO and a great excess of air supply to exist at the 
same time, though this combination is not likely to occur in a properly 
designed and correctly operated furnace except at very low rates of com- 
bustion. See Table 14. 


TABLE 14 

RELATION OP CO AND COMBUSTION-CHAMBER TEMPERATURES 
(U. S. Geological Survey) 


Per Cent of Black Smoke 



0 

Oto 10 

10 to 20 

20 to 30 

30 to 40 

40 to 50 

50 to 60 

Number of tests 

37 

18 

56 

51 

36 

17 

4 

Average per cent of smoke . . 

0 

7 1 

15 5 

24 7 

34 7 

43 1 

52.9 

Averse per cent of CO in flue gases 

Average per cent unaccounted for in beat bal- 

0 05 

0 11 

0 11 

0 14 

0 21 

0 33 

0 35 

ance 

9 14 

10 60 

9 40 

10 93 

11 41 

13 41 

13 34 

Ni^nber of tests* 

Average combustion-chamber temperature 

26 

10 

48 

45 

32 

17 

4 

(deg. fahr.) 

2180 

2215 

2357 

2415 

1 2450 

2465 

2617 


• Temperatures in combustion chamber were not determined on all tests. 


Example 16. — Calculate the heat loss due to the escape of CO in the 
flue gas for the following conditions: Per cent CO and CO 2 by volume 
in the flue gas, 0.6 and 12.8, respectively; analysis of coal as fired — C 
.65, ash 0.13, B.t.u. per lb. 11,850; combustible in dry refuse, 20 per cent. 

Solution. — Carbon actually burned = 0.65 — 20 X 13/ (100 — 20) = 
0.6175 lb. per lb. of coal as fired. Substituting this value for C in equa- 
tion 40, noting that CO = 0.6 and CO 2 = 12.8, and solving 

^5 = 0.6175 X 10,160 X 0.6/(12.8 -f 0.6) = 281 B.t.u. per lb. 

281 4- 11,850 = 0.0237 or 2.37 per cent of the heat value of the coal 
as fired. 

55. Loss of Fuel Through Grate. — The refuse from a fuel is that portion 
which falls into the pit in the form of ashes, unburned or partially burned 
fuel and cinders. 

In steam boiler practice the unconsumed carbon in the ashpit ranges 
from 10 to 50 per cent of the total weight of dry refuse, depending upon 
the size and quality of coal, type of grate, and rate of driving. The loss 
resulting from this waste of fuel ranges from 0.5 to 10 per cent or more, 
of the heat value of the fuel. It is impossible to assign a minimum value 
because of the various influencing factors, but numerous tests of recent 
installations, equipped with mechanical stokers, indicate that actual loss 
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ranges from 0.5 to 5 per cent of the heat value of the fuel at normal driv- 
ing rates. Coal which necessitates frequent slicing is apt to give greater 
losses from this cause than a free-burning coal. 

Extensive tests conducted by the American Gas & Electric Co. (Regi- 
nald Trautschold, Pmer, Feb. 22, 1916, p. 256) show that the actual 
yearly loss due to combustible in the refuse is not directly proportional 

to the combustible content, but 
increases as shown by the ‘^actual 
loss” curve in Fig. 18. Thus, 
the reduction of the combustible 
content from 10 per cent to 5 per 
cent effects a yearly saving in 
the ratio of 12.98 to 5.83 instead 
of 10 to 5. The percentage of 
combustible in the refuse also 
appears to increase with the in- 
crease in initial ash content. 

In some types of natural-draft 
traveling grates in which a large 
percentage of the fine fuel falls 
through the front end of the grate, a special hopper is .ordinarily installed 
in the ashpit which reclaims most of it. (See Fig. 167.) 

If he = calorific value of combustible in the dry refuse, 
y = percentage of combustible in the dry refuse, 
a =* percentage of ash in the coal as fired, 
fte = heat loss in the refuse, B.t.u. per lb. of coal as fired. 

Then, assuming that all the ash in the fuel as fired appears in the ashpit, 
the weight of combustible in the ashpit may be expressed as ya h- 100 
(100 — y) lb. per lb. of fuel as fired, and the heat loss as 



For the average boiler test, the calorific value of the combustible in the 
dry refuse may be taken as that of pure carbon, but for accurate results 
calorimetric determinations are necessary. 

Equation (41) should not be used if an appreciable amount of the ash 
is deposited throughout the setting or discharged through the stack. 
In this case the refuse in the ashpit should be weighed and analyzed for 
combustible. 

Lo 88 Dm to Carbon in Furnace R^me: Power, Sept. 23, 1919, p. 500. 

A^pU Loeeee: Combustion, Aug., 1923, p. 175. 
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56. Loss Due to Visible Smoke. — Soot is formed by the incomplete 
combustion of the hydrocarbon constituents of a fuel. All hydrocarbons 
are unstable at furnace temperatures, and unless air to insure complete 
combustion is mixed with them at the time they are distilled, they are 
quickly decomposed, the ultimate product consisting mostly of soot, H 2 
and CO. Soot is formed at the surface of the fuel bed by heating the 
hydrocarbons in absence of air; it is not formed by the hydrocarbons 
striking the comparatively cool heating surface of the boiler. As a matter 
of fact, only a small trace of hydrocarbon gases reaches the boiler heating 
surface, provided there is a supply of air above the fire; hydrocarbons 
that do so are prevented from decomposition by the reduction in tem- 
perature due to contact. Once formed, it is difficult to bum it in the 
atmosphere of the furnace, because the oxygen is greatly rarefied, the 
gases containing only a few per cent of free oxygen. 

Experience with burning soft coal shows that, if soot is once formed, 
a large percentage remains floating in the gases after all the other gaseous 
combustibles have been completely burned. Part of the soot is deposited 
on the tubes and throughout the boiler sotting, while th rest is discharged 
through the stack with the gaseous products of combustion. A smoky 
chimney does not necessarily indicate an inefficient furnace, since the 
fuel loss due to visible smoke seldom exceeds 1 per cent. See Table 15. 
As a matter of fact, a smoky chimney may be much more economical 
than one that is smokeless. Thus, a furnace operating with very small 
air excess may cause considerable visible smoke and still give a higher 
evaporation than one made smokeless by a very large air excess. There 
will be some loss due to CO, unburned hydrocarbons, and soot in the 
former case, but in the latter this may be offset by the excessive loss 
caused by the heat carried away in the chimney gases. In general, how- 
ever, smoky chimneys indicate serious losses, not because of the soot, 
but on account of the unburned, invisible combustible gases. (See 
Table 17.) The loss under this paragraph heading refers strictly to the 
visible combustible discharged up the stack and not that deposited on 
the tubes and in various parts of the setting. With natural draft the 
latter seldom exceeds a fraction of 1 per cent of the heat value of the fuel. 

In case of very high rate of combustion under forced draft, the loss due 
to combustible in the cinders may range as high as 10 per cent or more. 
A well-designed furnace, properly operated, will burn many coals without 
smoke up to a certain rate of combustion. Further increase in the amount 
burned will result in smoke and lower efficiency due to deficient furnace 
capacity. Small sizes of coal ordinarily bum with less smoke than larger 
sizes, but develop lower capacities. In the average hand-fired furnace, 
washed coal burns with lower efficiency and makes more smoke than raw 
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coal. Most coals that do not clinker excessively can be burned with a 
smaller percentage of black smoke than those which clinker badly. For 
means of detennining smoke density, see paragraph 354. 


TABLE 15 

QUANTITY AND HEAT VALUE OP SOLIDS IN VISIBLE SMOKE 

(Bituminous Coal) 


From the R^rt of the Chicago Association of Commerce Committee of Inrestigation on 
Smoke Abatement. (1912) 




Solids in Visible Smoke 

Test Number 

Smoke Density 

Per Cent 



Per Cent by Weight 

Per Cent of the Heat 




of Fuel Fired 

Value of the Fuel Fired 


Fires with High Smoke Density 


3 

21.97 

0 83 

0 28 

17 

20.00 

0.75 

0.36 

10 

20.00 

1.10 

0.95 

30 

15.80 

0 65 

0.49 

29 

14.50 

0.82 

0.49 

Average 

18.45 

0 63 

0 51 


Fires with Low Smoke Density 


56 

0 

0.51 

0.21 

57 

0 

0.30 

0.08 

80 

0 

4.07 

0.74 

81 

0 

1.81 

0.48 

85 

0 

0.47 

0.11 

Average 

0 

0.47* 

0.32 


* Average of 10 plant tests not including Test No. 80. 


TABLE 16 

CHEMICAL COMPOSITION OP THE SOLID CONSTITUEl^S OP SMOKE 
(Chicago Aasooiation of Commerce ) 


Per Cent of Total Solids 


Kind of Fuel 

Hydrocarbons 

(Tar) 

Combustible 

Solids 

(Carbon) 

Mineral 

Matter 

(Ash) 

Sulphur 

Total 

High-pressure Plants 

Pocahontas 

3.08 

41.45 

52.39 

3.08 

100 

Bituminous 

4.19 

32.80 

59.93 

3.08 

100 


Low-pressure Plants 


Anthracite 

0.73 

31.88 

67.39 

0.0 

100 

Pocahontas 

11.43 

54.90 

33.47 

0.20 

100 

Bituminous 

31.43 

44.06 

22.12 

2.39 

100 
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TABLE 17 


ANALYSIS OF CHIMNEY GASES 





Smoky 





Clear 



Boiler 













COi 

Oa 

CO 

cm 

Ha 

Na 

COa 

Oa 

CO 

cm 

Ha 

Nf 


No. 1, hand-fired | 

11 00 
10 65 

6 90 

6 45 

0 90 

2 15 



81 20 
80 75 







No. 1, with smok©*pre- 






....{ 

7 00 

13 50 

0 



79 50 






9 00 

9 75 

0 



81 25 

No. 2, hand-fired 

10.25 

8 60 

50 

0 

0 

80 65 




No. 3, hand-fired 

No. 4, fire under caustic 

13 25 

3.50 

.05 

0 25 

0 

82 95 







pot, hand-fired . . 

No. 6, split bridge, 

10 95 

1 30 

3 00 

70 

3 23 

80 82 







hand-fired 

No. 6, with smoke-pre- 
vention device . . . 

No. 7, with smoke-pre- 

8 75 

7 00 

3 25 

.40 

1 00 

79 60 

7.25 

12 00 

0 

0 

0 

80 75 

vention device . 

No. 8, with smoke-pre- 







7 15 

12 15 

0 

0 

0 

80 70 

vention device 







8 15 

11 10 

0 

0 

0 

80 75 


57. Badlation and Unaccounted For. — These losses are usually deter- 
mined by difference. That is, the difference between the heat repre- 
sented in the steam and the sum of the losses just mentioned is charged to 
‘^unconsumed hydrogen and hydrocarbons, to radiation, and unaccounted 
for.” Unless accurate observations have been made in determining the 
various factors entering into the heat balance, the “ radiation and unac- 
counted for ” loss may represent a large percentage of the total heating 
value of the coal. Careful tests on welMesigned boiler furnaces show that 
the radiation loss seldom exceeds 2 per cent.* In case of very poorly in- 
stalled settings or when the rate of driving is very low, the radiation loss 
may be considerably more than this. An examination of the data from 
carefully conducted tests of modern boiler furnaces will show that the 
“ radiation and unaccounted for ” items range from 2 to 6 per cent with 
an average of about 4 per cent. Soot deposited on the boiler tubes and 
throughout the setting, and cinders blown out of the stack under high 
draft pressures may greatly increase the unaccounted for loss, unless 
means are available for determining these factors. 

58. Heat Balance. — Any chart giving the distribution of the various 
heat items constitutes a heat balance. The greater the number of sub- 
divisions the more readily is it possible to locate the source of loss. In 
everyday furnace practice a determination of the heat balance is seldom 

^ Heat Losses from Boiler Furnace Walls: Power Plant Engrg., Sept. 15, 1925, p. 941. 
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attempted because of the expense and difficulty of obtaining the various 
factors entering into the calculations; and even if the expense is ot sec- 
ondary consideration, the results are apt to be more or less approximate. 
This is particularly true in situations where the load is constantly fluctu- 
ating. In general practice the operating engineer is chiefly interested 
in the heat absorbed by the boiler (as shown by the evaporation per 
pound of fuel as fired) and the relative sensible heat loss up the stack 
(as indicated by the percentage of CO 2 in the flue gas and the temperature 
of the gases in the uptake). The various factors entering into the com- 
mercial boiler heat balance, as recommended by the 1915 Code of the 
American Society of Mechanical Engineers,^ are itemized in Table 18. 
According to this code, the heat distribution is expressed in terms of dry 
coal ” or ‘‘ combustible.^^ When the performance of different installations 
is to be compared, this offers a most satisfactory basis; but the operating 
engineer, in tracing out the source of heat loss with a view of bettering 
operation, is chiefly concerned with coal as fired and for this reason 
the heat balance is commonly expressed in terms of the latter. In the 
finally revised form of the 1923 code, the heat balance is expressed in 
terms of “ fuel as fired and dry fuel,'^ and the heat balance is modified 
to meet the different combinations of boilers, superheaters, economizers 
and air heaters, and of solid, liquid and gaseous fuels. See Test Code for 
Stationary Steam Boilers, published by the Am. Soc. Mech. Engrs., 29 W. 
39th St., N. Y. City. It is impracticable to assign specific limiting values 
to a general heat balance because of the wide range in the various in- 
fluencing factors, such as nature and quality of fuel, type of furnace and 
grate, rate of driving and the like; but for a rough approximation, Table 
18 may be taken as representative practice. 

The heat balance in Table 18 refers to boilers in continuous operation 
and does not include standby losses. (See paragraph 60.) 

The calcidations of the various items included in the heat balance are 
best illustrated by a specific example. 

Example 17. — Calculate the various heat losses from the following 
data: 

Heat absorbed by the boiler, 76 per cent of the calorific power of the coal 
as fired. 

Analysis of coal as fired: 

Per Cent 

Carbon 65 Ash and sulphur 

Oxygen 8 Free Moisture . . 

Hyefiogen 5 Nitrogen 

Calorific value as fired, 11,850 B.t.u. 

^ Rules for Conducting Evaporation Tests of Boilers, A.S.M.E., Code of 1915. 


Percent 
. 13 

8 
1 
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Flue-gas analysis: 

Per Cent Per Cent 

COi 12.8 CO 0.6 

O* 5.4 N 2 81.2 (by difference) 

Temperature of air entering furnace, 70 deg. fahr.; temperature of 
flue gases, 470 deg. fahr.; temperature of the steam in the boiler, 340 deg. 
fahr.; relative humidity of air entering furnace, 80 per cent; combustible 
in the dry refuse, 20 per cent. 

The heat distribution may be referred to the coal as fired, dry coal, or 
combustible. In this problem it is referred to the coal as fired. 


CALCULATION 

Solution. — The combustible in the ash, referred to the coal as fired, is 
20 X 13 -i; (100 - 20) = 3.25 per cent or 0.0325 lb. per lb. of coal. 
Taking this as carbon, the actual weight of carbon burned and appearing 
in the chimney gas is 0.65 — 0.0325 = 0.6175 lb. per lb. of coal as fired- 
The weight of dry chimney gas per lb. of carbon is (equation 20) 


G = 


4 X 12.8 + 5.4 + 700 


3 (12.8 + 0.6) 


- = 18.82 


For the carbon actually bxirned, this is 18.82 X 0.6175 == 11.62 lb. 
per lb. of coal as fired. 

The dry air supplied per lb, of carbon burned is (equation 21) 


. _ 3.03 X 81.2 

' 12.8 + 0.6 


18.36. 


For the coal as fired, this is 18.36 X 0.6175 ~ 11.34 lb. per lb. of 
coal. 


DISTRIBUTION OP ACTUAL LOSSES PER POUND OF COAL AS FIRED 


Equa- 

tion 

Loss 

Calculation 

B.t.u. 

Per 

Cent 


Heat absorbed by boiler 

0.76 X 11,850 

9,006 

76.00 

31 

Dry chimney gas 

11.62 X (470 - 70) 0.24 

1,115 

9.40 

40 

Incomplete combustion 

0.6175 X 10,160 X 0.6 -5- 





(12.8 + 0.6) 

280 

2.36 

41 

Combustible in refuse 

0.0325 X 14,600 

474 

4.00 

33 

Moisture in the fuel 

0.08 [1090.6 + 0.46 X 470 - 70] 

99 

0.83 

34 

Moisture from combustion of 





hydrogen 

9 X 0.05 [1090.6 + 0.46 X 470 





- 70] 

566 

4.70 

35 

Moisture in the air 

0.8 X 0.00115 X 13.3 X 11.34 X 





0.46 (470 - 70) 

25 

mEn 


Radiation and unaccounted 





for 

By difference 

295 

2.51 


Total 


11,860 . 

100.00 
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TABLE 18 

TYPICAL HQAT BALANCB — BITUMINOUS COAL — BASED ON COAL AS FIRBD 


(Bulk Fuel) 


The values in this table are gross averages, and 
apply only to units without water economizers, 
radiant-type superheaters, air preheaters, or water- 
cooled furnace walls, 100-125 per cent rating. 

Excel- 

lent 

Prac- 

tice 

Good 

Prac- 

tice 

Aver- 

age 

Prac- 

tice 

Poor 

■Prao- 

tice 

Per Cent of Calorific Value of 
Coal as Fired 

Heat absorbed by the boiler and superheater 

80.0 

75.0 

65.0 

60.0 

Loss due to the evaporation of free moisture in the coal . 
Loss due to the evaporation of water formed by the com- 

0.5 

0.6 

0.6 

0.7 

bustion of hydrogen 

4.2 

4.3 

4.3 

4.4 

Loss due to heat carried away by the dry flue gas 

10.0 

13.0 

17.5 

20.0 

Loss due to carbon monoxide 

0.2 

0.3 

0.5 

1.0 

Loss due to combustible in the ash and refuse 

1.5 

2.4 

4.5 

5.5 

Loss due to heating moisture in the air . . . 

Loss due to unconaumed hydrogen, hydrocarbons, radi- 

0.2 

0.2 

0.3 

0.4 

ation and unaccounted for 

3 4 

4 2 

7 3 

8 0 

Calorific value of the coal 

100 0 

100 0 

100.0 

100.0 


TABLE 19 

TYPICAL HIGH-EFFICIENCY HEAT BALANCE — (NO ECONOMIZERS) 

(From Actual Test Results) 

Per Cent of Heat Value of Fuel 


Kind of Fuel 

Load, per cent rating . . 

Oil 

140 

Bulk 

Coal 

149 

Pow- 

dered 

Coal 

143 

Nat- 

ural 

Gas 

140 

Lignite 

138 

Heat absorbed by boiler and superheater 

82.82 

82.4 

82.7 

82.5 

77.0 

Free moisture loss 

HED 

HO 

0.3 

0.1 

2.0 

Hydrogen-moisture loss 

6.44 

3.8 

4.0 

9.5 

4.5 

Air-moisture loss 

WMS 

m^wM 

0 1 

0.1 

0.2 

Dry flue-gas loss 

7.30 

HiM 

9.5 

6.5 

11.0 

Loss due to CO 

■miiii 

HO 

0.0 

0.0 

0.0 

Combustible in ash 


2.1 

0.4 

0.0 

3.5 

Unaccounted for 

3 28 


3.0 

1 3 

1.8 

Total 


Kbhji 


100.0 

100.0 


59. Inherent Losses. — The heat balance as ordinarily calculated gives 
the distribution of the actual losses. Some of these losses may be con- 
siderably reduced or even entirely eliminated, while others are inherent 
and cannot be prevented. A heat balance giving the extent of the 
inherent losses will show at a glance where improvement may be made 
and Where further gain is impossible. A boiler and furnace may be per- 
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feet in operation and still fail to utilize the total heat value of the fuel. 
For example, in the modern boiler (without an economizer or its equiva- 
lent) the flue gas cannot be lowered below the temperature of the heating 
surface with which it was last in contact. Since this temperature cor- 
responds to that of the steam in the boiler, we have as the inherent losses: 

1. Heat absorbed by the theoretical weight of dry chimney gases in 
being heated from boiler room to boiler steam temperature. 

2. Heat required to evaporate and superheat the moisture in the fuel 
from boiler room to boiler steam temperature. 

3. Heat required to evaporate and supjrheat the H 2 O formed by the 
combustion of hydrogen in the fuel from boiler room to boiler steam 
temperature. 

4. Heat required to superheat the moisture in the air (theoretical re- 
quirements) from boiler room to boiler steam temperature. 

Example 18, — Determine the inherent losses from the data given in 
Example 17. 

Solution. — Proceed as in following chart: 


DISTRIBUTION OF INHERENT HEAT LOSSES PER POUND OP COAL AS FIRED 



B.t.u. 

Per Cent 

1 . Inherent loss in the dry chimney gas, 

9.26* X (340 - 70) 0124 

600.0 

5.06 

2. Inherent loss due to moisture in coal, 

0.08 (1090.6 - 70 + 0.46 X 340) 

94.1 

0.79 

3. Inherent loss due to H 2 O formed by the combustion of hydro- 

gen, 9 X 0.05 (1090.6 - 70 + 0.46 X 340) 

4. Inherent loss due to “ humidity of the air, 

0.8 X 0.00115 X 13.3 X 8.92* X 0.46 (340 - 70) 

529.6 

4.47 

13.5 

0 11 

6. Heat absorbed by ideal boiler (by difference) 

10,612.8 

89.57 


11,850.0 

100.00 


* For perfect combustion. 


A comparison of the actual and inherent losses in percentages of coal 
as fired is as follows: 



Actual 

Inherent 

1. Dry chirnney gasRS 

9.40 

2.36 

4.00 

0.20 

0.83 

4.70 

2.51 

76.00 

5.06 

0.00 

0.00 

0.11 

0.79 

4,47 

0.00 

89.67 

2. IncoTTiplete combustion 

3. Oombustiblft in thp refuse 

4. Moisture in the aif 

6. Moisture in the coal 

6. Moisture due to combustion of hydrogen 

7. Badiation and unaccounted for 

8. Heat absorbed by the boiler 


100.00 

100.00 
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The difference between the actual and inherent loss is designated as 
preventable. Although the losses due to incomplete combustion/' 
‘‘ combustible in the refuse/' and ** radiation and unaccounted for " are 
theoretically preventable, it is almost impossible to entirely eliminate 
them in practice. The minimum practical loss depends upon the nature 
of the equipment, grade of fuel, and rate of driving, and must be deter- 
mined for each installation by actual test. This is also true for the ** pre- 
ventable " loss in the dry chimney gases and that due to the moisture in 
the air, moisture in the coal, and moisture resulting from the combustion 
of hydrogen. 

Since the ideal or perfect boiler, under the specified conditions, is able 
to absorb only 89.57 per cent of the calorific value of the coal, it is evident 
that the actual boiler has a true efficiency of 76 0.8957 = 84.8 per 

cent. 

If an economizer is used, the inherent losses become less, since the flue 
gas may be reduced to a temperature considerably lower than that of the 
steam; but they can never be entirely eliminated unless the flue gas is 
discharged at a temperature somewhat lower than that of the air entering 
the furnace. 

60 . Standby Losses. — The heat balance, as ordinarily calculated, refers 
only to the heat distribution for continuous operation over a limited 
period of time. It does not represent average operating conditions, 
since the various standby losses are not considered. These include: 
(1) heat lost in shutting down boilers; (2) coal required to start up cold 
boilers; (3) coal burned in banking fires; and (4) heat discharged to waste 
in ** blowing off " and in cleaning boilers. The magnitude of the standby 
losses depends upon the size and character of the boiler equipment and the 
conditions of operation, and may range from 1 to 15 per cent or more of 
total heat generated (yearly basis). Thus, a continuous 24-hour full- 
load test may show that 80 per cent of the heat of the coal is absorbed by 
the boiler, but when the heat represented by a month's evaporation is 
divided by the heat of the fuel fed to the furnace during the same period, 
the efficiency may drop to 70 per cent or lower. The standby losses are 
dependent upon so many variable factors that even average figures may 
be misleading unless limited to a narrow field of operation. Table 20 
gives the heat balance, including standby losses, of the Colfax Station 
for the year 1920. The data in Table 21, compiled from carefully con- 
ducted tests at the central heating and power plant of the Armour In- 
stitute of Technology, serve to illustrate the extent and influence of the 
standby losses on the overall efficiency in a specific case. 

Table 22 gives the weight of coal burned in shutting down boilers, in 
starting up cold boilers, and in banking fires, for a number of Chicago 
plants. See also, Publication No. 267-33, April, 1927, p. 48, Prime Movers 
Committee, N.E.L.A. 
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TABLE 20 

TYPICAL HEAT BALANCE — COLUMBU STATION 
(Including Standby Losses) 


Month 

Nov., 1926 

Dec., 1626 

Jan., 1927 

Feb., 1927 

Moisture, raw coal in bunker, per cent . 
Moisture, coal as fired, per cent 

4 3 

4.13 

3.68 

3.74 

1.03 

0.84 

0.95 

0.86 

Ash, coal as fired, per cent 

9.19 

9.50 

7.71 

7.55 

B.t.u. per lb., as fired 

13,783 

13,838 

14,002 

13,981 

Coal consumed, thous. lb 

18.79 

20.32 

18 93 

18.21 

Steam generated, mil. lb 

340.02 

368.96 

353.29 

328.76 

Average rating, entire month, per cent . . . 
Heat absorbed. Stand, boiler, per cent 

3^S 

408 

422 

400 

89.4 

87.06 

87.54 

87.01 

Heat absorbed. Reheat boiler . . . . 

87.2 

90.7 

90.92 

87.64 


Test Data (Year 1920) 


Boiler No. and Date of Test 

No 1^. 

May 9-10 

No. 1-4. 

Apr. 25-30 

No. 2-3. 
Sept. 22-25 

Heat absorbed, per cent . . 

88 04 

88.11 

87.99 

Moisture loss, per cent 

0 07 

0.07 

0.06 

Hydrogen loss, per cent 

, 3 70 

3.46 

3.68 

Dry gas loss, per cent ... 

Unaccounted for, per cent . 

5 02 

3 17 

5.17 

3.19 

5.59 

2.69 

Total 

100 00 

100.00 

100.00 

Per cent rating 

293 

288 

326 


The loss due to blowing off depends largely upon the quality of the 
feedwater. Water containing considerable scale-forming elements re- 
quires frequent blowing off, the amount discharged per blow ” varying 
from 1/2 to 2 gages of water. For example, the 350-hp. Stirling boiler 
in the power plant of the Armour Institute of Technology (Table 21) is 
blown off once in 24 hours when in continuous operation, the amount 
averaging 3 in., as indicated by the water gage. For one month this 
totals 74,800 lb. The heat lost is 74,800 (338 - 205) = 9,950,000 B.t.u., 
approximately, or sufficient to evaporate 9500 lb. of water from a feed 
temperature of 205 deg. fahr. to steam at 100 lb. gage. This amount 
should be deducted from the water fed to the boiler in calculating the net 
evaporation (the quality of the steam, of course, being taken into con- 
sideration). Compared with the monthly evaporation, the loss in this 
particular installation is negligible, though it represents an appreciable 
loss per se. 

The steam required in blowing soot from the tubes of a retum-tubular 
boiler ranges from 250 to 400 lb. of steam per cleaning with “ hand blow- 
ing, and from 200 to 350 lb. with mechanically operated soot blowers.’’ 
For water-tube boilers the range is considerably greater, depending upon 
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TABLE 21 

INFLX7BKCB OP STANDBY LOSSES ON OVERALL BOILER AND FURNACE EPFICTENCT 


Period Covered by Test 

January* 

October 

Julyt 

Number of hours in month 

744 

744 

744 

Hours in service 

708 

624 

153 

Hours banked, or out of service 

36 

120 

591 

Per cent of rating developed, average 




for month 

133.0 

60.2 

13.2 

Total water: 




Fed to boiler, lb 

11,375,390 

5,235,420 

791,610 

“ Blowing off,»Mb 

74,800 

39,870 

16,150 

Net evaporation 

11,366,340 

5,230,210 

789,990 

Total coal: 


Fed to furnace, lb 

1,360,370 

728,360 

158,960 

Burned in banking, etc., lb 

3,680 

13,850 

37,610 

Used for evaporation, lb 

1,356,690 

714,510 

121,350 

Apparent evaporation per lb. of coal 

fed to furnace, lb 

8.35 

7.19 

4.98 

Actual evaporation per lb. of coal 




used for evaporation, lb 

8.38 

7.32 

6.51 

Gross overall efficiency of boiler and 




furnace, per cent 

Overall efficiency, deducting standby 

71.9 

61.8 

44.0 




losses, per cent 

72.0 

63.2 

57.6 


* January and October tests: 350'hp. Stirling boiler equipped with chain grate, feedwater 205 deg. fahr., 
pressure 100 lb. gage, Illinois No. 3 washed nut. 
t July test; 250'hp. ditto. 


TABLE 22 

COAL BURNED DURING BANKING PERIODS* 




Ratio 
Heating 
to Grate 
Surface 



Coal Fed to 
Furnace, Lb. 


Rated 

of 

Kind of Stoker 

Kind of Coal 

Hours 

Banked 

per Boiler 
Hp.-hr. 

C 





A 

B 



250 

Stationary grate 

35 

Buckwheat 

8 

0.20 

0.35 


500 

Chain grate 

65 

Bit. serg. 

13 

0.40 

0.52 

1000 

350 

Chain grate 

40 

Bit. No. 3 

9 

0.32 

0.62 

1600 

250 

1200 

Chain grate 
Underfeed 

48 

82 

Bit. serg. 

Bit. serg. 

7 

10 

0.35 

0.18 

0.71 

0.20 

1450 

2600 

550 

Underfeed 

66 

Bit. serg. 

9 

0.29 

0.37 

1165 

150 

Stationary grate 

40 

Bit. mine run 

12 

0.58 

0.69 

560 

75 ' 

Stationary grate 
Murphy 

48 

Poc. lump 

12 

0.81 

0.95 

300 

400 

52 

Bit. serg. 

13 

0.26 

0.33 

1350 


(A) Coal fired during banking period. 

(B) Coal fed to furnace during banking period including that required to put boiler into service at end of 
banking period. 

(C) Coal fed to furnace to put cold boiler into service, lb. 

* Theee values are for epecific cases only. The range in practice is so wide that average values are of little 
service for estimating purposes. 
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the size of the units, number of blowing elements, and the time interval 
between cleanings. Knowing the number of nozzles, the initial steam 
pressure, and the time the nozzles are in operation, one may closely ap- 
proximate the total steam consumption per cleaning from Napier ^s rule 
(See equation (280)). A rough approximation is 500 to 750 lb. per clean- 
ing for hand blowing, and 400 to 600 lb. for mechanical blowers incor- 
porated within the setting per 2500 sq. ft. of tube surface. 

Tests of Hand and Mechanical Soot Blowers: Report of Prime Movers Committee, 
N.E.L.A., T 3-22, 1922, p. 47; Power, Aug. 26, 1924, p. 326. 

Reefing Down the Furnace Losses: Power, Mar. 7, 1922. 

For a description of the various types of measuring instruments used 
in calculating heat losses and in establishing heat balances, consult 
Chapter XVIII. 

6l. Combustion Control. — For uniformly complete combustion, the 
fuel and air supply must be correctly proportioned to each other and both 
must be in proportion to changes in load. While it is possible to obtain 
this regulation by hand control for a short period of o^^eration, it has been 
found impractical to effect the desired result in this manner for extended 
periods. Expert attention can be maintained on a boiler for short runs, 
but for everyday commercial operation few plants can afford the expense. 
Mechanical apparatus for automatically controlling the fuel and air 
supply in proportion to the load demand has been on the market for 
several years, and while air and fuel adjustments can be more promptly 
and accurately made by such apparatus than by hand, it cannot take the 
place of an expert fireman. Without automatic control the fireman is 
required to make adjustments for each small change in load; with the 
control in operation these small changes arc automatically taken care of 
and he can devote his attention to irregularities cause d by varying quality 
of coal, clinker formation and the like. Combustion controls are not 
automatic in the same sense that the governor controls the speed of a 
turbine; on the contrary, the (quantities of air and fuel and the ratios of 
one to the other must be coordinated to meet the special characteristics of 
each equipment and operating conditions and must be adjusted from time 
to time to meet such irregularities as may arise. That properly designed 
combustion-control apparatus in charge of competent firemen is produc- 
tive of high efficiency and well worth the extra cost, is evidenced by the 
increasing number of plants which are adopting this system. This is true 
not only for large central stations but for hundreds of small isolated 
plants equipped with mechanical stokers or designed for burning fuel 
oil, gas, or powdered fuel. 

With natural-draft hand-fired installations, automatic control is neces- 
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sarily limited to regulation of the damper or air supply. With natural- 
draft stoker-fired installation, both the speed of the stoker-drive and 
the position of the damper are automatically controlled. In bulk-coal- 
buming plants equipped with stokers and mechanical-draft fans, the 
various drives, blast-gates and dampers are individually controlled and 
at the same time maintained in synchronism by a master control, so that 
no matter what the rate of supply may be, they are functioning inde- 
pendently to maintain a fixed ratio between the supply of fuel and air. 
In gas, oil and powdered-fuel installations, there are obviously no stokers, 
and the particular mechanism feeding the fuel to the furnace is con- 
trolled in a suitable manner. 

For a description of a number of popular combustion-control systems, 
see paragraphs 127 and 161. 

Combustion Control: Power, Oct. 26, 1926, p. 626. 

The Value of Combustion Control Systems: Combustion, June, 1926, p. 373:^ 

Combustion Control for Boilers: Mech. Engrg., Oct., 1924, p. 590. 

PROBLEMS 

1 . Calculate the dry air requirements for perfect combustion of the coal *^as re- 
ceived,” using the analyses in Problem 1, Chapter II. 

2 . Required the character and amount by weight of the products of combustion 
resulting from the perfect combustion with dry air of 1 lb. of the coal designated in 
Problem 1, Chapter II. 

3 . Calculate the per cent by volume of CO 2 in the dry flue gas per lb. of coal as 
fired, data as in Problem 2. 

4 . A pound of pure carbon is burned with air to CO 2 and CO. If 4 per cent of the 
carbon is burned to CO and the air supplied was 50 per cent in excess of that required 
for perfect combustion, required the per cent by volume of CO in the dry flue gas. 

6. By-product coke-oven gas having the following analysis is burned completely with 
theoretical air requirements: Per cent by volume — CO 2 , 0.75, CO, 6.00, CH4, 28.15, 
H, 53.00, N, 12.10. Calculate the cu. ft. of air required per cu. ft. of gas for perfect 
combustion and the resulting per cent of CO 2 by volume in the dry flue gas. Assume 
air and gas to have the same pressure and temperature. 

6. Calculate the weight of air supplied per lb. of coal as fired (analysis as in Problem 
^ 1) and the weight of the dry gaseous products of combustion, if the flue gas has the 

following composition, per cent by volume: CO 2 , 13.00, O 2 , 5.30, CO, 0.44, N 2 , 81.26. 

7 . Neglecting the influence of S and N 2 in the fuel, show that the per cent of CO 2 
by volume in the flue gas for perfect combustion may be expressed in terms of the per 
cent by weight of the free hydrogen, H', per lb. of carbon. 

8. Calculate the theoretical temperature of combustion if the coal as fired, analysis 
as in Problem 1, Chapter II, is completely burned with 50 per cent air excess, initial 
temperature of air and fuel 60 deg. fahr. Use calculated heat value. 

9. If coke breeze containing 85 per cent carbon and 15 per cent ash is completely 
burned under a boiler with 50 per cent air excess, and the flue-gas temperature is 500 
deg. fahr., required the heat loss in the flue gas per lb. of fuel as fired if the tempera* 
ture of the air supply is 80 deg. fahr. 
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10 . If the flue gas resulting from the combustion of the fuel designated in Problem 
9 contains 0.5 per cent CO and 12 per cent CO 2 (by volume), required the loss due to 
incomplete combustion of the carbon, B.t.u. per lb. of coal as fired. 

11 . Calculate the heat loss in the refuse if the coal as fired has an ash content of 
15 per cent and the combustible in the dry refuse is 20 per cent of the dry refuse. Calo- 
rific value of the combustible in the ash, 13,600 B.t.u. per lb. 

12. Required the heat lost per lb. of coal as fired in evaporating the moisture from 
the coal designated in Problem 1, Chapter II, if the temperature of the flue gas is 500 
deg. fahr., and that of the boiler room, 80 deg. fahr. 

13 . If crude oil containing 83 per cent of carbon, 14 per cent of hydrogen and 3 per 
cent of oxygen is burned under a boiler, required the amount of heat lost per lb. of oil due 
to the formation of water by the combustion of the hydrogen. Flue-gas temperature, 
450 deg. fahr.; temperature of the oil, 120 deg. fahr. 

14 . The following data were obtained from a boiler evaporation test: Heat absorbed 
by the boiler, 70 per cent of the calorific value of the coal as fired. Analysis of the 
coal as fired: 


Per Cent 


' Carbon 65 

Oxygen 8 

Hydrogen 4 


Per Cent 

Ash and sulphur 12 

Free moisture 10 

Nitrogen 1 


Calorific value as fired, 11,300 B.t.u. per lb: combustible m refuse, 13,500 B.t.u. 
per lb. 

Flue-gas analysis: 

Per Cent Per Cent 

CO 2 14.18 CO 1 42 

O 2 3.55 N 80.85 (by difference) 


Temperature of air entering furnace, 80 deg. fahr.; temperature of the flue gas, 
480 deg. fahr.; temperature of the steam in the boiler, 350 deg. fahr.; relative humidity 
of the air entering the furnace, 70 per cent; combustible in the dry refuse, 20 per cent. 

a. Calculate the actual losses in per cent of the coal as fired. 
h. Calculate the inherent losses in per cent of the coal as fired, 
c. Approximate the extent to which the actual losses may be reduced by careful 
operation and proper design. 
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STEAM BOILERS 

02. General. — With the exception of a very few special designs which 
have just recently forged to the front, the boiler proper of today (1927) 
is basically the same as its prototype of a decade ago. Such changes as 
have been made are in the direction of structural alterations to keep pace 
with the requirements of larger units, increased pressure and superheat, 
and higher ratings. Recent improvements in furnace-wall construction, 
together with the extended use of water-cooled walls, have made practical 
the operation of boilers at ratings considerably higher than was considered 
possible a few years ago. Single units are now in operation capable of 
evaporating 500 tons of water per hour; pressures up to 1350 lb. per sq. 
in. are in successful use, and steam temperatures of 750 deg. fahr. are not 
uncommon. The trend is still upward. 

In the ultra modern central station, particularly with powdered fuel and 
so-called super-stokers,^' the boiler, superheater, furnace, fuel-firing 
equipment, economizer, air preheater and other elements essential to high- 
eflSciency steam generation, are so inter-related that the boiler alone has 
practically lost its identity and the combination, rather than the boiler 
itself, is designated as the steam generating unit. 

All well-designed boilers, when properly set and similarly fired, are 
capable of practically the same evaporation per lb. of fuel. Powdered 
fuel for central stations is fast becoming standard practice, and the use of 
stokers in connection with bulk fuels for boilers over 300 horsepower may 
be said to be universal. 

The Characteristics of Modern Boilers: Combustion, Dec., 1927, p. 382. 

There is no standard in the settings of different boilers, but there is a 
marked tendency toward the standardization of construction details of 
the pressure vessels themselves. The accepted construction standard in 
this country is the A.S.M.E. Boiler Construction Code " copies of which 
may be obtained from the Secretary of the A.S.M.E., 27 W. 39th St., 
New York City. Every power plant owner and operator should be con- 
versant with the boiler code, insurance and inspection laws, in the com- 
munities where they are in force, and no boiler may be constructed or 
operated without complying with the requirements of the law. Second 
only to the Boiler Construction Code in importance are the Interpreta- 
tions of the Boiler Code " formulated at the monthly meetings of the 
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A.S.M.E. Boiler Code Committee and issued in data sheet form. These 
may also be had from the secretary of the society. 

No attempt will be made to analyze the boiler from the standpoint of 
manufacture, and reference is made to the A.S.M.E. Boiler Code and to 
current trade catalogues for this phase of the subject. For an excellent 
treatise on circulation in various types of boilers, consult The Kidwell 
Two-flow Ring-circuit Water Tube Boiler ” by Edgar Kidwell, and 
published by the Kidwell Boiler Co., Milwaukee, Wis. 

A general classification of steam boilers is unsatisfactory because of 
the overlapping of the various groups. They may be classified according 
to (1) method of firing, as externally and internally fired; (2) relative 
position of the heated gases and water, as water-tube and fire-tube; 
(3) arrangement of tubes, as ver- 
tical, horizontal, and inclined; (4) 
curvature of the tubes, as straight 
tube and curved tube; (5) nature 
of service, as stationary, marine, and 
locomotive ; (6) direction of the 

gases, as through-tube, and return- 
tubular; (7) baffling, as horizontal- 
baffle, and vertical-baffle; (8) steam 
pressme, as high-pressure and low- 
pressure; (9) location of the drum, 
as longitudinal-drum and cross- 
drum; and so on. A few popular 
types will be described in detail. 

63. Vertical Tubular Boilers. — Fig- 
ures 1 and 19 illustrate typical port- 
able fire-tube boilers of the internally- 
fired t3rpe. They are used only where 
small power, compactness, low first 
cost, and semi-portability are the 
chief requirements. Boilers of this 
type have a cylindrical shell with 
a fire box in the lower end and with 
tubes running from the crown sheet 
of the furnace to the upper tube 

sheet at the top 6f the boiler. They are built in various sizes ranging 
from 24 to 48 in. in diameter, and from 60 to 120 in. in length, with cor- 
responding heating surface of 50 to 500 sq. ft. (5 to 50 hp.). The tubes 
are usually 2 in. in diameter and the working pressure seldom exceeds 
100 lb. per sq. in. gage. 



Submerged Tube Sheet. 
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The tubes t^e placed symmetrically with a continuous clear space be- 
tween them and these spaces cross the tube section at right angles. This 
arrangement permits the tubes and tube sheet to be readily cleaned. Two 
styles are in common use — the exposed-tube, Fig. 1, and the submerged- 
tube, Fig. 19. In the former, the tube sheet and the upper portion of the 
tubes are exposed to the steam and in the latter they are completely sub- 
merged. According to the A.S.M.E. Boiler Code, not less than seven hand- 
holes or wash-out plugs are required for boilers of the exposed-tube t)q)e; 
three in the shell at or about the line of the crown sheet, one in the shell at or 
about the fusible plug, and three in the shell at the lower part of the water 
leg. In the submerged type, two or more additional hand holes are re-* 
quired in the shell in line with the upper tube sheet. The distance be- 
tween the crown sheet and the top of the grate 
should never be less than 24 in. even in the 
smallest boiler, and should be as great as pos- 
sible, to insure good combustion. 

In some designs the furnaces are constructed 
of corrugated steel, thus doing away with the 
stay bolts. 

The advai^tages of this type of boiler are as 
follows: (1) it is compact and portable; (2) it 
requires no setting beyond a light foundation; 
(3) it is a rapid steamer; and (4) it is low in 
first cost. It has the following disadvantages: 
(1) it is not easily accessible for thorough in- 
spection and cleaning; (2) the steam space is 
small, resulting in excessive priming at heavy 
loads; (3) the economy is poor, except at light 
loads, as the products of combustion escape at 
a high temperature on account of the shortness 
of the tubes; (4) smokeless combustion is 
practically impossible with bituminous coals; 
(5) the small water capacity results in rapidly 
fluctuating steam pressures with varying de- 
mands for steam. 

Although vertical fire-tube boilers of the port- 
able or semi-portable t 5 q)e are seldom con- 
Fia. 20. Manning Boiler. gj^es containing more than 500 sq. 

ft. of heating surface, bther types of vertical fire-tube boilers, of which the 
Manning (Fig. 20) is a well-known example, are not limited to small sizes 
and have been constructed with heating surface of 6000 sq. ft. per unit. 
Many of the disadvantages found in the smaller types are obviated in the 




STEAM BOILERS 


117 


Manning boilers, which, as far as safety and efficiency are concerned, 
rank with any of the other first-class types. They differ from the boiler 
described above mainly in having the lower or furnace portion of much 
greater diameter than the upper part which encircles the tubes. This 
permits a proper proportion of grate, which is not obtainable in boilers 
like those shown in Figs. 1 and 19. The double-flanged head connecting 
the upper and lower shells allows sufficient flexibility between the top and 
bottom tube sheets to provide for unequal expansion of tubes and shell. 
The ashpit is built of brick and the water leg does not extend below the 
grate level, thus doing away with dead-water space. Where overhead 
room permits and ground space is expensive, this boiler offers the ad- 
vantage of taking up a small floor space as compared with horizontal 
types. The Manning type of boilers is designed for steam pressures up 
to 200 lb. gage. 

Locomotive-type Boiler. — This style of boiler is used occasionally 
for stationary power service where semi-portability is desired, as in con- 
nection with agricultural and saw- 
mill plants. It is also used to a 
limited extent for low-pressure 
heating work. It is in basic, prin- 
ciple a vertical, internally fired 
boiler placed horizontally. Two 
general designs are in common 
use: (1) the water-bottom, in 
which the fire box is entirely 
surrounded by water (Fig. 21); 
and (2) the open-bottom (Fig. 22) 
in which the fire box is submerged 

on all sides but not on the bottom. Water-bottom boilers are self- 
contained and require no settings whatever, but the open-bottom boilers, 

particularly those 
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Fig. 21 . 


Locomotive Type — Water 
Bottom. 



fitted with enlarged 
fire boxes, frequent- 
ly require a ma- 
sonry ashpit. These 
boilers are available 
in standard sizes 
ranging from 150 to 
2500 sq. ft. of heating 
surface, but larger 
units have been built for special purposes. Working pressures range 
from 15 lb. to 150 lb. gage. For anthracite coal, the tubes range from 


' Handholes 

Fig. 22. Locomotive Type - 


- Dry Bottom. 





Fig. 23. 250 Hp. Stationary Scotch-marine Boiler 
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Fig. 24. Adamson 
Ring. 


2 to 3 in. in diameter, and for bituminous coals from 3 to 4 in. Sizes 
with less than 300 sq. ft. of heating surface are ordinarily furnished 
with a dome located over^the fire box, while the larger sizes are con- 
structed with either dome or dry pipe. This style of boiler is not much 
in evidence in high-pressure stationary plants. 

65 . Stationary Scotch Marine-type Boilers. — These boilers belong to 
the internally-fired return-tubular type; they are self-contained, re- 
quire no brick setting, occupy little overhead room, and are excellent 
steamers. The shell is cylindrical, fitted near the bottom with one or 
more cylindrical furnaces traversing the entire length 
of the shell, and partly filled above the furnaces with 
full-length return tubes. The gaseous products of com- 
bustion are guided from the furnaces to the return 
tubes by a back-connection or combustion chamber. 

The furnace and tubes are entirely surrounded by water, 
so that all fire surfaces, excepting the rear of the com- 
bustion chamber, arc water cooled. Figure 23 shows a section through 
a popular design, in which the furnace is corrugatf^d. These corruga- 
tions, in addition to giving greater strength to the furnace, act as a 
series of expansion joints, taking up the strains due to unequal expan- 
sion of furnace and shell. In other designs, the 
furnace is strengthened by the Adamson Ring, or 
Bolling Hoop. In the former, the furnace sections 
are flanged outward and riveted together through a 
ring inserted between them (Fig. 24), while in the 
latter, the sections are riveted to special expansion 
joints (Fig. 25). The single furnace boiler is con- 
structed in sizes ranging from a small unit 35 in. in diameter by 52 in. 
in length (60 sq. ft. of heating surface) and rated at 6 hp. to units 
96 in. in diameter by 17 ft. in length (1500 sq. ft. of heating surface) 
and rated at 150 hp. Stationary boilers with two furnaces have been 
constructed with shells 120 in. in diameter, and 20 ft. in length, and 
rated at 300 hp. For marine service, this type of boiler has been 
built with as many as four furnaces and with shell diameters up to 11 ft. 
and overall length of 20 ft., the size being limited only by transportation 
facilities. For stationary purposes this type of boiler is designed for work- 
ing steam pressures ranging from 100 to 200 lb. per sq, in., and for sizes 
up to 300 hp. While a number of these boilers are to be found in station- 
ary steam plants where low head room is essential, such as in office build- 
ings, large apartment buildings, and hotels, they play a relatively un- 
important part in steam generation for power purposes. The normal 
circulation in the standard Scotch marine-type boiler is defective, because 



Fig. 25. Bolling 
Hoop. 
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the water lies “ dead in the bottom of the shell, and the unequal ex- 
pansion and contraction of furnace walls and tubes tends to cause con- 
siderable tube leakage. • 

Figure 26 shows a section through a modified type (suitable for low- 
volatile coals) which facilitates circulation of the water below the furnace. 
The tubes are in two nests, the usual return tubes and a number of short 
ones leading from the rear head of the furnace to the combustion chamber. 
The object of the short tubes is to divert the flame downward and to heat 
the rear and lower portions of the boiler. This increases the rate of 
circulation. 

The advantages of Scotch boilers and of most internally fired boilers 
are: (1) low head room; (2) minimum radiation losses; (3) no setting 
required; (4) no leakage of cold air into the furnace, as frequently occurs 


Hand Hole 
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Blow Off 


Fig. 26. Duplex’^ Internally Fired Boiler. 


through cracks or porous brickwork of other types, and (5) large steam 
capacity for the space occupied. With high-volatile coals, the furnace 
volume is insufficient for efficient and smokeless combustion at high 
ratings, and this fact, together with the limitation in sizes, due to trans- 
portation facilities, precludes the use of this type of unit in large central 
stations. Extension furnaces, hand- or stoker-fired, may offset the 
limitations of the small internal furnace, but this addition neutralizes 
the chief advantage of the internally fired type, namely, compactness 
and absence of masonry setting. 

The Cornish, Lancashire, and Galloway boilers are common in Europe, 
but are seldom found in American practice. The ComisTh boiler is es- 
sentially a single-flue Scotch unit without return tubes and is the oldest 
design among modem internally fired boilers. The Lancashire is an 
improvement on the Cornish boiler in that there are two flues instead of 
one. In the Galloway boilers the two furnace flues merge beyond the 
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bridgewall into one large flue which is traversed radially throughout its 
length by conical water tubes. These boilers are set in brickwork, so 
arranged that the gases, after leaving the furnace, pass forward below 
the outer sheU and then backward along the sides of the shell to the up- 
take. 

66. Horizontal Return-tubular Boiler. — These boilers are the most 
widely distributed steam generators in the United States and may be 
regarded as the standard American type. They ov^e their popularity 
to low first cost, high evaporative capacity, compactness, and low over- 
head space requirements. Standard sizos range from a small unit 36 in. 
in diameter by 8 ft. in length (150 sq. ft. of heating surface) and rated at 
15 hp. to a unit 84 in. in diameter by 20 ft. in length (3500 sq. ft. of heat- 
ing surface) and rated at 350 hp. There is no particular limit to the 



Fig. 27. LongitudinaJ Section through a 150 Hp. Horizontal 
lieturn-tubular Boiler. 


sizes of these types except shipping facilities, and a few units have been 
built as large as 108 in. in diameter and 21 ft. long and rated at 500 hp.; 
but as a general rule some other type is selected where the desired rating 
exceeds 250 hp. They are usually designed to operate at pressures vary- 
ing from 10 to 150 lb. per sq. in., but there are a nmnber of special de- 
signs operating at 175 lb. Figure 27 shows a longitudinal section through 
the shell of a popular make of return-tubular boiler, and Fig. 28 gives a 
perspective view of another design with extended shell. The drawings 
are self-explanatory. The tubes are usually 3, 3 1/2 or 4 in. in diameter, 
the smaller tubes for low-volatile fuels, and the larger tubes for high- 
volatile fuels. As a general rule. 4-in. tubes are not furnished with shells 
under 48 in. in diameter. Boilers over 54 in. in diameter are usually 
fitted with a dry pipe (Fig. 27), for separating moisture from the steam, 
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whUe the veiy small sizes have a fixed dome (Fig. 29), flanged at the 
base and riveted to the shell, or in special cases, an independent dome at- 


Blanhole Safety Valve 



Fig. 28. Horizontal Return-tubular Boiler — Extended Shell. 
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rangement — Uni- 
flow’’ Boiler. 


tached to the shell with a nipple or a nozzled connection. The require- 
ments for plate thickness, riveted 
joints, staying, supports, hand- 
holes, manholes, and other con- 
struction details are fully speci- 
fied in the A.S.M.E., state, and 
insurance codes. 

Return-tubular boilers are 
made either with an eictended 
or half arch front, Fig. 30, or 
flush front, Fig. 116. The shell 
may be supported by lugs resting on the brickwork, or by steel beams 
and hangers, Fig. 30. Ac- 
cording to the A.S.M.E. 

Boiler Code, all horizontal 
tubular boilers over 78 in. 
in diameter arc required to 
be supported by the outside- 
suspension or gallows-frame 
type of setting. With the 
side bracket support, the 
front lugs usually rest direct- 
ly on iron or steel plates 
embedded in the brickwork, 
and the back lugs on rollers 
to permit free expansion and 
contraction. The brackets are long enough to rest upon the outside 
wall, so that the inside brick lining can be removed without disturbing 
the setting. 



Feg. 30. Horizontal Retum-tubular Boiler. 
Gallows-frame Suspension. 
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It is asserted that the rate of circulation, and hence the steaming capacity, 
of the return-tubular boiler may be greatly increased by using smaller 
diameter tubes and grouping them in three sections, as shown in Fig. 29a, 
instead of the uniform vertical spacing of the standard type. In another 
design the tubes are arranged as in Fig. 28, but the groups are separated 
from each other by a vertical steel baffle running the entire length of the 
sheU. 

Return-tubular boilers are of the externally fired type, and therefore 
must be provided with a furnace and setting. For a description of the 
latter, see paragraphs 102 to 105. 

A return-tubular fire-box boiler of the portable type, as illustrated in 
Fig. 31, is finding favor with 
many engineers where a com- 
pact moderate capacity and 
self-contained unit is desinid. 

As will be seen from the cut, 
the front of the boiler is 
cylindrical in form and ex- 
tends over the furnace, while 
the rear end is oval, the lower 
portion extending bc'low the 
cylindrical part far enough 
to hold the short tubes lead- 
ing from the furnace to the 
back connection. The prod- 
ucts of combustion, passing 
through the short tubers and 
into the back connection, are 
carried by the return tubes 
through the upper section of 
the boiler to the stack. The 
front and sides of the furnace are lined with fire brick. These boilers 
are available in standard sizes ranging from 20 to 150 hp. and are in- 
tended for pressures not exceeding 125 lb. per sq. in. 

67. Horizontal Water-tube Boilers, Longitudinal Drum. — Figure 32 gives 
a general assembly of a standard longitudinal-drum Babcock & Wilcox 
boiler, illustrating one of the best known and most widely distributed 
water-tube boilers in the United States. This particular type is made 
in single units ranging from 750 sq. ft. of heating surface (75 hp. rated 
capacity) to 12,000 sq. ft. of heating surface (1200 hp. rated capacity). 
•The distinguishing features of this type are: (1) horizontal drum or drums; 
(2) inclined or vertical sectional headers, and (3) inclined straight tubes. 



Fiu. 31. Rct/urn Tubular Portji})le Fire-box 
Boiler. (Side Plates Ki'iuovi'd to Show Fur- 
nace Construction.) 
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The tubes, usually 4 in. in diameter and 18 to 20 ft. in length, are arranged 
in vertical and horizontal rows and are expanded into cast-iron or pressed- 
steel headers. Two vertical rows are fitted to each header and are “ stag- 



Fig. 32. Babcock and Wilcox Boiler Assembly — Longi- 
tuainal Drum Type, (Vertical Header.) 


gered/' as shown in 
Fig. 33. The headers 
are connected with the 
steam drum by short 
tubes expanded into a 
cross box, Fig. 34, 
which in turn is 
riveted to the drum. 
The headers are either 
vertical, Fig. 32, or in- 
clined, Fig. 35. Each 
tube is accessible 
through individual 
handhole openings. 
These openings are 
elliptical in shape in 
the vertical headers, 
because of the inclina- 
tion of the tubes. 


This shape is necessary to provide for the insertion and removal of the 
tubes. Circular handholes are ordinarily used in the inclined headers 



W. Boiler. (In- Boiler, 

dined Header.) 


where the tubes enter the latter at right angles. The elliptical openings 
are closed by inside fitting forged covers held in position by steel clamps* 
and bolts, Fig. 36. The circular openings are closed on the outside 
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forged steel caps, milled and ground and held in place by clamps 
and bolts, Fig. 87. Thin gaskets are required with the inside elliptical 
covers, but not with the outside circular plates. (The main tubes are 
inclined at an angle of about 22 deg. with the horizontal. The rear 



Fig. 36. Elliptical Handhole. Fig. 37. Circular Handhole. 


headers are connected at the bottom to a rectangular forged steel 
mud drum, by means of nipples expanded into counterbored seats.) 
The boiler is supported by steel girders resting on suitable columns 
independent of the brick 
setting. The feedwater 
enters the front of the 
steam drum, as shown in 
Fig. 35. Circulation is 
effected by the difference 
in density between the solid 
column of water in the rear 
header and the mixed steam 
and water in the front one. 

The longitudinal-drum type 
of B. & W. boilers under 
325 hp. have but one steam 
drum, and the larger sizes 
have two or three, depend- 
ing upon the width of the 
setting. While a few spe- 
cial designs of this type of 
boiler have been made for 
steam pressures as high as 
500 lb. per sq. in., in the 
great majority of power plant installations, the working pressure seldom 
exceeds 275 lb. per sq. in. 

All water-tube boilers are constructed^ on the sectional principle; that 
is, they may be shipped in sections and erected at the power plant. This 



Fig. 38. Heine Boiler — Longitudinal-drum Type. 
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Fiq. 39. Junction at Header and 
Drum — Heine Boiler. 


removes any restriction on the size of single units that might otherwise 
be imposed by transportation limitations. 

Figure 38 gives a general assembly of a Heine longitudinal-drum boiler, 
illustrating another well-known type of horizontal water-tube boiler. 
This boiler differs from the Babcock & Wilcox in that the drum is in- 
clined and parallel to the tubes, and the 
latter are expanded into a single fabricated 
water leg or header. Fig. 39. The feed- 
water enters at the front of the steam 
drum, and flows into the mud drum, from 
which it passes to the rear header. Steam 
is taken from the front of the steam drum 
and is partially freed from moisture by 
the dry pipe. A baffle over the front 
header prevents an excess of water from 
being carried into the dry pipe. As the 
rear header forms one large chamber, no 
additional mud drum is necessary. Because of the greater area through 
the header, the circulation is asserted to be freer than in the longitudinal- 
drum type of sectional header. Heine boilers are usually fitted with the 
*‘Key” safety handhole cap. Fig. 40, which requires no yoke, bolt, or 
gasket. The caps are slipped into place from the inside of the water leg 
and are held in place by the water or steam pressure. 

Among other well-known makes of longitudinal-drum, 
horizontal water-tube boilers mB.y be mentioned the Edge 
Moor, Keeler, Parker, O’Brien, Erie City, Kroeschell, 

Casey-Hedges and Walsh & Weidner. 

68. Horizontal Water-tube Boilers — Cross-drum Type. — 

This type of horizontal water-tube boiler has practically 
superseded the longitudinal type in modern power houses 
where large units are desired. Among the better known de- 
signs may be mentioned the Springfield, Babcock & Wilcox, 

Heine “S-type,” Wickes, Keeler and Page. As will be 
seen from Figs. 41 and 42, the cross-drum type differs from the longitudinal- 
drum chiefly in the location of the drum and the method of support. The 
drum is placed transversely across the rear, immediately above the rear 
header or at some point between the top of the headers. Connection 
between drum and headers is made by means of circulating tubes ex- 
panded into bored seats, and extending the full width of the drum. Suit- 
able baffles prevent the water and steam (in the circulating tubes) from 
discharging openly into the driun. This type of boiler has been built in 
various sizes ranging from 120d up to 35,000 sq. ft. of heating surface 



Fig. 40. “Key’' 
Handhole and 
Cap. 
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(120 to 3500 hp. nominal rating) with working pressures ranging from 
100 to 1500 lb. per sq. in. 

The headers in the majority of cross-drum boilers have one handhole 
for each tube end, but 
in the Springfield de- 
sign one handhole 
covers four tubes. 

Figure 42 shows a 
special application of 
the cross-drum design 
to very high prc^s- 
sures and tempera- 
tures. The particular 
unit illustrated has 
inclined headers, and 
the water-heating sur- 
face is divided into 
two decks or sections. 

The lower deck has 8 
sections and the upper 

deck 17 sections of Fig. 41. Springfield Boiler - Cross-drum Type. 



Fig. 42. 1200 lb. B. & W. Cross-drum Boiler. 


2-in, tubes. The lower deck is not baffled, and the upper deck has a 
vertical baflSe, causing the gases to make two passes. A primary and 
aecondary superheater are placed between the two decks of water tubes. 
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Two 3 1/4-in. horizontal circulating tubes are connected to the top of 
each manifold header and the drum, but the circulators from each 
alternate header are bent downward and sidewise so that they are 
connected to the drum in the same circumferential row as the circu- 
lators without bends. The cross drum is a forged steel cylinder 48 in. 
in diameter and 4 in. thick, with integral drum heads. The headers 
have 1 1/4-in. thickness front and back and 5/8-in. sides, and are designed 
to give the tubes a stagger of nearly 4 in. The mud drum is 7 1/4 in. 
square, 1 in. thick, and extends through each side of the setting. The 
primary superheater is designed to raise the temperature of the steam 

under 1200 lb. pressure 
to 750 deg. fahr., and 
the secondary super- 
heater incloses the pri- 
mary superheater and 
is intended to raise 
the temperature of the 
exhaust from the extra- 
high pressure turbine to 
750 deg. The complete 
unit is about 28 ft. wide, 
36 1/2 ft. deep and 45 
ft. above the floor. 

Babcock and Wilcox 
cross-drum boilers have 
been installed in the 
Colfax station of the 
Duquesne Light Co., 
Calumet and Crawford 
stations of the Com- 
monwealth Edison Co., 
Springfield power station 
of the West Penn. Power 
Co., and Riverside sta- 
tion of the Northern 
States Power Co. Not- 



Fio. 43. Wickes Water-tube Boiler — Vertical Type. 


able installations of Springfield cross-drum boilers are in the new Hell 
Gate station of the United Electric Light and Power Co., Barbados 
plant of the Counties Gas and Electric Co. and the* Indiana Harbor 
plant of the Inland Steel Co. The units of the Hell Gate station have 
18,900 sq. ft. of heating surface with 3-in. tubes, grouped as illustrated 
in Fig. 89. 
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Tertical Water-tube Boilers, Straight-tube Type. — Figure 43 shows 
a sectional elevation through a Wickes vertical boiler and setting illus- 
trating a well-known design of boiler with vertical, straight water tubes 
and vertical drums. The steam drum and water drum are arranged 
one directly above the other. The tubes are expanded and rolled into 
both tube sheets and are divided into two sections by fire-brick tile. The 
water line in the upper drum is carried more than 2 ft. above the tube 
sheet, leaving a space of 5 ft. between the water line and top of the drum. 
This affords a large steam space and disengagement surface. Feedwater 
is introduced into the steam drum below the water line and flows down- 
ward through the tubes of the 
second compartment. The boiler 
is supported by four brackets 
riveted to the shell of the bottom 
drum and is independent of the 
setting. The entire boiler is 
enclosed in a brick or steel casing 
insulated with non-conducting 
material and lined with fire 
brick. The entire boiler is sur- 
rounded by the products of com- 
bustion. This type of boiler is 
simple in design, easy to inspect 
and clean, low in first cost and 
takes up little floor space; but, 
having only two passes, it cannot 
be forced efficiently to very high 
ratings. Wickes vertical boilers 
are built in aU sizes up to 5000 
sq. ft. of heating surface, and for 
working pressures varying from 
100 to 200 lb. per sq, in. 

The Bigelow-Homsby boiler. Fig. 44, consists of a number of cylindrical 
elements, each element consisting of an upper and a lower drum connected 
by straight tubes. The two front elements are inclined over the furnace at 
an angle of about 68 deg. with the horizontal, and the two rear elements 
are vertical. The upper drums of the elements are connected to a horizon- 
tal steam drum by flexible tubing, as indicated. Four elements consti- 
tute a section, and any number of sections may be connected together 
into units ranging from 2500 to 15,000 sq. ft. of heating surface. Feed- 
water enters the top drum of the rear elements and passes the rear 
tubes and then up the tubes in the front elements. A notable installa- 
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tion of Bigelow-Hornsby boilers is in the new South Meadow Station 
of the Hartford Electric Light Co. The units in this station have 
approximately 13,920 sq. ft. of water heating, and are equipped with 
integral economizers in the rear of the setting. Each unit is com- 

posed of 55 cylindrical 
elements, 11 of these 
elements comprising 
the economizer. 

Figure 45 shows a 
side sectional eleva- 
tion of a single-pass 
Edge Moor boiler 
comprising a number 
of straight tube cyl- 
indrical units and a 

of gasea ^ 1 ' 

drum connected 

I rarW by slightly curved cir- 

11^ culating tubes. It is 

'^11 claimed by the manu- 

I facturers that the 

I draft loss is less than 

YisM that usually en- 
countered for equal ca- 

Fig. 45. Edge Moor Single-pass Boiler. m • 

pacity and emciency, 

and that the boiler responds rapidly to high rates of evaporation without 
the usual falling off in efficiency. The best efficiency is obtained when 
the boiler is evaporating at a rate of about 9 lb. of water per sq. ft. of 
heating surface, or in other words at 300 per cent rating. At 400 per 
cent of rating, the results are about equal to those heretofore obtainable 
around 165 per cent of rating. 

76. Vertical Water-tube Boilers — Bent-tube Type. — Under this gen- 
eral heading may be grouped such well-known boilers as the Stirling 
(Fig. 46), Kidwell (Fig. 224), Adams, Heine V-type, Badenhausen (Fig. 

47) , Connelly, Walsh & Weidner, Ladd (Fig. 90), Erie City Vertical (Fig. 

48) , and Rust. In all these boilers the drums are horizontal, but the tubes 
vary in inclination from the vertical, in the Rust, to almost horizontal in 
the second pass of the Badenhausen. 

The standard type of Stirling boiler, Fig. 46, consists of three trans- 
verse steam and water drums set parallel and connected to a mud drum 
by three banks of tubes so curved as to enter the drums radially. The 
center drum is connected to the front and rear drums by steam-circu- 
lating tubes and to the front drum by water-circulating tubes. Steam is 


Fig. 45. Edge Moor Single-pass Boiler. 
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taken from the rear drum. The boiler is suspended on a steel framework 
entirelyindependentof 
the brickwork setting. 

The feedwater enters 
the rear upper drum, 
which is the coolest 
part of the boiler, and 
flows to the bottom 
or mud drum and 
thence up the front 
bank of tubes to the 
front drum, across to 
the middle drum and 
finally down the mid- 
dle bank of tubes to 
the mud drum. The 
interior of the drums 
is accessible for clean- 
ing and inspection by 
manholes located in 
the ends. In the 
type of Stirling boiler, 
there are three hori- 
zontal steam drums 
and two lower or mud 
drums. The inclina- 
tion of the four banks of tubes is such as 
to form the letter “ This arrange- 
ment exposes a large tube surface to direct 
radiation. Notable installations of the 
“W” type Stirling boilers arc in the 
Beacon street and Trenton Channel sta- 
tions of the Detroit Edison Co. In- 
dividual boiler units in the Beacon street 
station have 41,500 sq. ft. of elTective water- 
heating surface and are served by a double- 
ended 28-tuyere, 3-row Taylor stoker with 
14 retorts at each face of the boiler. 

The Badenhausen boiler. Fig. 47, and 
Kidwell boiler. Fig. 224 (which is similar 
to the former in basic principle) are ex- 
amples of the “ ring-flow type, in which the circulation is continuous 



Fig. 46a. Half Section of “ W ” 
Type Stirling Boiler — Marys- 
ville Station. 
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and unrestricted at all loads. This excellent circulation is due to the 
fact that the areas of the tubes entering and leaving the drums are 
practically the same. Feed-water enters the top rear drum and passes 
down the rear outer tubes to the mud drum, thence up the front bank 
of the lower front drum, thence across the upper bank of tubes to the 
top rear drum. The upper front drum is essentially a steam collector, 
and the tubes connecting the top of this drum with that of the rear top 

drum are practically super- 
heaters. A notable in- 
stallation of Badenhausen 
boilers is in the Highland 
Park plant of the Ford 
Motor Co. The boilers 
are of the preheater type 
(economizer element inte- 
gral with the boiler), each 
unit comprising 25,000 sq. 
ft. of effective heating sm- 
facc. 

The Erie City vertical, 
Fig. 48, and the stand- 
ard Ladd boilers have 
but two drums and three 
banks of tubes. The 
tubes in the former are 
3 in. in diameter and in 
the latter 3 1/4 in. The 
two horizontal drums are 
in line vertically and the 
tubes are so curved at 
the ends as to enter the 
drums radially. The boiler 
proper, comprising the two 
drums and connecting 
tubes, is suspended from the upper driun by a framework of steel 
beams. Feedwater enters the lower drum of the Erie boiler through 
a distributing compartment, passes up the front bank of tubes and then 
down the middle and rear banks to the lower drum. In the Ladd boiler, 
the feedwater enters the separate compartment in the lower drum and is 
directed upward through the rear bank of tubes, down the middle bank 
and thence upward in the front bank. The very large Ladd boilers are 
of the double-ended type and consist essentially of two standard” 



Badenhausen Boiler. 
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units inclined so as to form an inverted V. One of the most notable 
installations of the double-ended type is in the River Rouge plant of the 
Ford Motor Co., Fig. 90. 

The four main drums of 
each unit, 60 in. in diameter 
by 21 ft. in length, are con- 
nected by banks of tubes 
averaging 20 ft. 6 in. in 
length, giving a total effec- 
tive heating surface of 26,470 
sq. ft. Each unit occupies 
29 by 31 ft. of floor space, 
and the distance from ash 
floor to the top of the super- 
heating pipe is 83 ft. The 
furnaces are designed to 
bum blast-furnace gas and 
powdered coal, simultane- 
ously and in any ratio. 

71. Combined Fire- and 
Water-tube Boilers. — Figure 
49 shows a general assembly Fig. 48. Erie City Vertical Boiler, 

of a Kroeschell Fire- and 

Water-tube boiler illustrating a combination of a return-tubular boiler with 
water-tube elements which has many advantages over the plain fire- 

tube type. This com- 
bination has the large 
storage capacity of the 
return-tubular boiler 
and the thorough circu- 
lation and rapid steam- 
ing property of the 
water-tube boiler. The 
water-tube elements, 
immediately above the 
fire, prevent the shell 
from becoming over- 
heated, and the extra 
pass of the gases per- 
mits of lower flue-gas 
temperature for a given rating. This style of boiler is made in standard 
sizes, ranging from a 48-in. by 16-ft. unit containing 1040 sq. ft. of 
beating surface to an 84-in. by 20-ft. unit containing 3480 sq. ft. 



Fig. 49. Kroeschell Fire- and Water-tube Boiler. 
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72. Steam Generator Type of Boiler. — In modern central station 
practice, high rates of combustion have been made possible by surrounding 
the furnace with steam-making surface, using a relatively smaller boiler 
with much of the surface exposed to radiant heat, and transferring much 
of the less active convection surface to economizers, air preheaters, or 

both. The '' Combus- 
tion Steam Generator,” 
Fig. 50, is an example of 
this practice, combining 
furnace, water heating 
surface, superheater and 
air preheater in one unit. 
Pulverized coal and pre- 
heated air enter the fur- 
nace from the four cor- 
ners near the top, and a 
violent turbulence of air 
and coal is created. In 
addition to the intimate 
mixing caused by the 
turbulence, the surface 
ash is swept from the 
coal particles as it is 
formed, and rapid com- 
bustion is maintained. 
The down-draft method 
of combustion is em- 
ployed in which the ra- 
diant heat is absorbed 
by the heating surface 
while the gas is travel- 
ing downward through 
the combustion cham- 

Fia. 50 . Combustion Steam Generator. Practically all of 

the heating surface is 

exposed to radiation from the burning particles, and the ash that settles in 
the bottom of the combustion chamber is prevented from fusing by the 
tubes which extend across the lower part of the furnace. The boiler and 
furnace are integral and consist of drums and headers, placed as indicated, 
with interconnecting tubes. The large upper drum serves as a steam and 
water drum, and the other drums and headers are interconnected with 
water tubes, forming the four walls, the roof and the water screen of 





STEAM BOILERS 


135 


the furnace. The side wall 
headers are connected with 
the steam drum and lower 
right drum and intercon- 
nected with water tubes. 
The vertical tubes are of the 
fin type, that is, each tube 
has two longitudinal steel 
fins welded on it diamet- 
rically opposite each other, 
and when placed in position 
the fins meet and present a 
continuous water-cooled sur- 
face to the radiant heat of 
the furnace. Coal and pre- 
heated primary air are sup- 
plied, through a distributor 
located above the boiler, to 
burners placed in each of the 
four corners of the furnace, 
a short distance below the 
drums. The burners are so 
arranged that they direct 
the coal streams in lines tan- 
gent to an imaginary circle 
in the center of the furnace 
and thus accomplish turbu- 
lent action in the combus- 
tion chamber. From the 
point of combustion, the 
flame and gases pass down- 
ward through a multitubu- 
lar water screen formed by 
connecting tubes between 
the two lower drums, thence 
through a chamber to the su- 
perheater, through the con- 
vection surface and finally 
through the economizer and 
air preheater to the stack. 
The secondary air for com- 
bustion enters the heater at 



Fig. 51. Combustion Steam Generator at 


Kip’s Bay Plant. 
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the top and passes through it in opposite direction to that of the gas, being 
finally discharged to the burners through sheet metal ducts carried around 
the boiler setting from which the heated primary air is also taken. The 
unit as a whole is simple, and compared with the usual types of steam 
generating equipment the floor space and volume occupied are consider- 
ably less for a given output. Ratings of 1500 per cent based on the present 
method of horsepower rating have been obtained. 

Figure 188 gives a sectional elevation of the steam generator at the 
Calumet Station of the Commonwealth Edison Co. This unit has been 
credited with a total evaporation of 300,000 lb. per hr. corresponding to 
1100 per cent conventional rating. 

Figure 51 gives a sectional elevation of the steam generator of the Kip^s 
Bay plant of the N. Y. Steam Corporation. The division of heat absorp- 
tion surface is as follows: Boiler, 10,670 sq. ft.; floor screen, 688 sq. ft.; 
furnace front wall, 942 sq. ft. ; burner arch, 500 sq. ft. ; furnace side wall, 
1336 sq. ft. ; boiler side wall, 666 sq. ft. ; economizers, 10,080 sq. ft. ; air 
preheaters, 46,800 sq. ft.; or a total heating surface of 71,682 sq. ft. The 
guaranteed* efficiency is 88 per cent at 325,000 lb. of steam per hr. 

The modern steam generator type of boiler unit because of its high 
capacity and efficiency effects a large reduction in initial plant investment 
inasmuch as fewer boilers and less building space are required. 

Mercury Boiler: Power, May 31, 1927, p. 818. Trans. A.S.M.E., Vol. 46, 1924, 
p. 253. 

High Pressure Boilers ^ 1200-3400 lb.: Power Plant Engrg., July 1, 1927, p. 740; 
Mar. 1, 1927, p. 300. Power, May 18, 1926, p. 771; Sept. 15, 1925, p. 394. 

Water-heat Bailers: Combustion, Nov., 1927, p. 303. Power, Jan. 27, 1925, p. 134. 
Power Plant Engrg., Oct. 15, 1926, p. 994. Mech. Engrg., Oct., 1926, p. 1031. 

Electric Steam Boilers: 'Power, Feb. 13, 1923, p. 259; Nov. 9, 1926, p. 688. 

73. Heat Transmission Through Boiler Heating Surfaces. — All parts 
of the steam generator which are covered by water and exposed to the 
heat of combustion constitute the water heating surface. That portion 
of the total heating surface having steam on one side and exposed to the 
heat of combustion is the superheating surface. The portion which 

sees the interior of the furnace constitutes the direct radiant surface, 
and the remainder is designated as convection surface. While independent 
feedwater economizers, air preheaters, superheaters, and water screens are 
parts of the total steam generator heating surface, they are usually treated 
as individual units in the study of heat transfer. According to the A.S.M.E. 
Boiler Code, the side next the heating medium is to be used in measuring 
.the extent of the heating surface. Thus, measurements are made of the 
inside area of fire tubes and the outside area of water tubes. Each square 
foot of heating surface is capable of transmitting a certain amount of heat, 
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depending upon the conductivity of the material, the character of surface, 
the temperature difference between the gases and the metal surface, the 
location and arrangement of the surface, nature and source of heat, char- 
acter of fuel and furnace, and the composition, density and velocity of the 
gaseous products of combustion. 

Figure 52 shows a section through the water heating surface of a boiler 
plate and serves to illustrate the accepted theory of heat transmission. 
The outer surface of the plate is covered with a layer of dust (soot and 
ash) and a film of gas, and the inner 
surface is similarly protected by a 
layer of scale and a film of vapor and 
water. It is, therefore, reasonable to 
assume that the dry surface of the 
plate is located somewhere within 
the film of gas, and the wet surface 
within the film of vapor and steam. 

Heat is imparted to the dry surface 
by (1) radiation from the hot fuel bed, 
incandescent fuel particles held in sus- 
pension in the furnace, furnace walls, 
and gaseous products of combustion, 
and by (2) convection from the mov- 
ing furnace gases. Heat is transferred 
through the boiler plate and coat- 
ings purely by conduction. The final 
transfer from the wet surface to the water is mainly by convection. The 
principle is the same whatever may be the nature of the heat transmitting 
and heat absorbing media. 

Radiation from the hot fuel bed and furnace walls depends primarily 
on the temperature difference between fuel beds and walls, and the dry 
metal surface. According to the law of Stefan and Boltzman, for two 

black ” bodies with parallel faces exposed to each other, the quantity 
of heat transmitted by radiation may be expressed by the equation 

H = leOOCTi^ - T2^) (42) 

in which 

H == B.t.u. per hr. per sq. ft. 

1600/10^2 = radiation constant for black bodies. 

Tif T 2 = temperature of the hot and cold bodies, respectively, 
deg. fahr. abs. 

According to equation (42), if the temperature of the cold body is 
400 deg. fahr. and the hot body temperature is raised from 2000 to 3000 



Fig. 52. Heat Transmission Through 
Boiler Plate. 
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deg. fahr., the amount of heat imparted to the cold body will be nearly 
quadrupled; and a drop in temperature from 2500 to 2400 deg. fahr. will 
reduce the amount about 12 per cent. While there are no absolute black 
bodies and the surfaces are not flat and parallel, Stefan^s law is applicable 
to boiler furnace calculations provided the radiation constant is modified 
to suit the particular conditions involved, but the constant is the 
product of so many variables that its evaluation is laborious and its 
accuracy dependent upon the precision with which the numerical values 
of the variables are determined. Furthermore, considerable heat is trans- 
mitted by radiation, particularly at high temperatures, from the gaseous 
products of combustion, and in the case of powdered coal, from the incan- 
descent fuel particles. Radiation from this source does not follow the 
Stefan-Boltzman Law. The difficulties of any rational method of calcu- 
lating total radiant heat absorption in such a complex structure as a boiler 
furnace are shown in the papers of Broido^ and Wohlenberg^ and, therefore, 
no attempt will be made to treat of this phase of the subject. A modi- 
fication of the Hudson formula by George A. Orrok® offers a compara- 
tively simple means of approximating the amount of radiant heat absorbed 
in coal-fired water-tube boilers, thus, 

li == whr (42a) 

B.t.u. transmitted per hr, per sq. ft. of radiant surface, 
lb. of coal per hr. per sq. ft. of radiant surface, 
available heat, B.t.u. per lb. of coal = gross heat value — (loss 
from H, H 2 O, CO, combustible in ash, etc.), 
ratio of the heat transmitted by radiation to the total heat 
developed in the furnace 

1 (1 + A Vw -f- 27), in which A = lb. of air supplied per 

lb. of coal. 

Equation (42a) is purely empirical, but where ‘‘radiation and unac- 
counted for ” losses are positive and reasonably small, and there is prac- 
tically no after burning of CO, the results are consistent and fairly accurate. 

Example 19. — The data in Example 17 were taken from a 10,000 Sq. ft. 
boiler having 1000 sq. ft. of direct radiant surface, and operating at a load 
of 2000 boiler horsepower. Using Orrok^s equation, calculate (1) the 
rate of heat transmission by radiation; (2) the temperature of the gases 
entering the convection surface; (3) B.t.u. per lb. of coal absorbed by 
convection; (4) B.t.u. per lb. of coal absorbed by radiation; and (5) the 
overall boiler and furnace efficiency. 

1 Trans. A.S.M.E., Vol. 47, 1925, p. 1123. 

* Ibid., p. 99. 

* Mech. Engrg., Mar., 1926, p. 218. 
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Solution. — (1) Weight of coal per hr. = (2000 X 34.5 X 970.4) -t- 
(0.76 X 11,850) = 7500 lb., w = 7500 -f- 1000 = 7,5 lb. of coal per 
sq. ft. of radiant surface. A = 11.34 Ibr, h = 9006 + 1115 = 10,121 
B.t.u. per lb. of coal, r = 1 ~ (1 + 11.34 VTb 27) == 0.465. Sub- 
stituting these values of w, h and r in equation (42a) and solving, we have 

22 = 7.5 X 10,121 X 0.465 = 35,280, heat transmitted by radiation, 
B.t.u. per sq. ft. per hr. 

(2) The proportional part of the total heat available for absorption by 
convection = 1 — r = 1 — 0.465 = 0.535, and the quantity = 0.535 X 
10,121 = 5414 B.t.u. per lb. of coal. Substituting this value for h in 
equation (22), noting that w = 12.2, c - 0.25, t = 70, and solving we 
have 

12.2 X 0.25 (ti - 70) = 5414, 

from which h = 1841 deg. fahr., the temperature of the gases entering 
the convection surface. 

(3) The heat absorbed by convection may be calculated from equation 
(31) by making tc = ti and t = temp, of the flue gas, thus: 

B.t.u. absorbed by convection per Ib. of coal 12.2 (1841 — 470) 
0.24 = 4015, B.t.u. 

(4) B.t.u. absorbed by radiation per lb. of coal = 10,121 X 0.465 = 4718. 

(5) Overall efliciency = (4015 + 4718 ) -t- 11,850 = 0.737 as against 0.76 
by test, which is well within the radiation and unaccounted for ” loss. 

The amount of heat imparted by convection from heated gases to cooler 
metal surfaces is dependent primarily upon the dimensions, shape and 
position of the metal surface, temperature of the gases, temperature 
difference between the gases and the metal surfaces, and the velocity, 
density, viscosity, specific heat and thermal conductivity of the gases. 
These factors are so numerous, their relations so obscure, and values so 
difficult of numerical determination that a complete mathematical expres- 
sion for calculating the heat transfer would be cumbersome and of little 
practical value. Neglecting transmission losses, the heat absorbed must 
equal the heat given up, therefore 

SUd = wc {h - to) (426) 

in which S = total convection heating surface, sq. ft. 

U = mean coefficient of convection heat transfer, B.t.u. per 
sq. ft. per hr. per degree difference in temperature. 
d == mean temperature difference between the heated gases 
and the metal surface, deg. fahr. (See equation 247.) 
w = weight of gas flowing, lb. per hr. 
c = mean specific heat of the gases. 
ti, to = mean temperature of the gases entering and leaving the 
convection surface, deg. fahr., respectively. 
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While equation (426) is rational, it is only of academic interest because 
of the wide variation in the values of U and d, and the difficulty of esti- 
mating or measuring it. It can be used, however, in approximating the 
amount of convection surface required for any heat exchange apparatus 
provided the value of U has been determined experimentally for this 
particular design, and the assumed operating conditions do not vary 
considerably from those under which the coefficient of heat transfer was 
calculated. 

Experiments conducted by H. P. Jordan and the Babcock & Wilcox 
Co.^ indicate that rate of heat transfer by convection in steam boilers 
varies approximately according to the law 

U =K+ BW/A (43) 

in which 

U = coefficient of heat transfer, B.t.u. per hr. per sq. ft. per degree 
difference in temperature. 

K = coefficient, determined experimentally. 

JB = a function of the dimensions of air passage and mean tempera- 
ture difference of the gas and metal. 

W = weight of gases flowing, lb. per hr. 

A = average cross sectional area of the gas passages through the 
boiler, sq. ft. 

The quantity W/A is called the mass velocity, and is approximately 
1000 for the average boiler operating at rated capacity. 

K is constant for a given design and ranges in value from 1 to 3.5. 
This constant (1) is greater for water tubes than for fire tubes of the 
same size, (2) is greater as the diameter of the tube decreases, and (3) 
is greater as the space between water tubes decreases. For the standard 
type of longitudinal-drum boiler, K is approximately 2.0 at 100 to 150 
per cent rating. 

B ranges in value from 0.0005 to 0.004 and (1) is greater for water 
tubes than fire tubes, (2) is greater as the diameter of the tube increases, 
and (3) is greater as the temperature difference between steam and gas 
increases. For the standard type of Babcock & Wilcox boiler, B is ap- 
proximately 0.0014 at 100 to 150 per cent rating. 

An examination of equation (43) shows that, for a given set of con- 
ditions and within certain limits, the rate of heat transfer varies directly 
with the weight of gases flowing per unit area of gas passage. This is 
not strictly true, since the rate of heat transfer varies as some power of 
the weight less than unity. But within narrow limits it is sufficiently 
accurate to consider the exponent as unity. 

^ Experiments on the Rate of Heat Transfer from a hot gas to a cooler surface pub- 
lished by the Babcock & Wilcox Co., New York, 1916. 
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E. A. Fessenden^ gives the following empirical formula for determining 
the drop in temperature of a gas flowing through a flue, which harmonizes 
the results of a large number of tests: 

loglog (Ti/h) - loglog (T^/ti) = ML (44) 

wherein Ti and T 2 are the mean absolute temperatures of gas at two 
points in the flue. 

loglog = logarithm of the logarithm. 

ti = mean abs. temp, of metallic wall, deg. fahr. 

L = distance between points, ft. 

M is a. function of the rate of gas flow in the tube and the diam- 
eter, as given in Fig. 53. 

The temperature varies directly with M; that is, it falls when a large 
flow of gas occurs, or with increased size of flues, which reduces the hy- 
draulic depth.’’ Low values of M 
mean lower efficiencies, although the 
total transfer may be increased. 

In calculating the total heat trans- 
mission from furnace to boiler water 
the resistance of the metal is so small 
that it may be neglected and it may 
be logically assumed that the plate 
will take care of all the heat that 
reaches its dry surface. The tem- 
perature difference between the inner 
and outer surface of a clean boiler 
tube seldom exceeds 60 deg. fahr. 

All steam boilers of whatever type 
absorb both radiant and convected 
heat. In waste heat, or other indi- 
rectly fired boilers, the heat transfer 
is almost entirely by convection, but 
there is always some radiant effect 
from the CO 2 , H, and water vapor con- 
stituents of the gas. In the directly 
fired type, the proportional part of the available heat absorbed by radia- 
tion increases with the extent of surface exposed to direct radiation, and 
ranges from a few per cent in the conventional h.r.t. boiler and setting to 
60 per cent or more in the modem powdered coal steam generator equipped 
with water or steam-cooled furnace walls and air preheaters. Experiments 

1 Trans. A.S.M.E., Vol. 38, 1916, p. 407. 
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have shown that luminous flames with incandescent particles of carbon 
floating in them radiate more heat than non-luminous flames. For this 
reason more radiant heat is emitted and may be absorbed from the flames 
of a powdered-coal furnace than from those of an underfeed stoker furnace. 

In a general sense, where heat transfer is solely by convection, the 
dominant factors for high transmission rates are a high temperature differ- 
ence between the hot and cold bodies and a powerful scrubbing action 
between the two surfaces of the plate and the surrounding media. The 
rate of heat transfer varies, within reasonable limits, directly with the mass 
velocity and the temperature difference. Where heat transfer is solely by 
radiation, the dominant factor for high transmission rates is a high tem- 
perature difference- between the hot and cold body. The rate of heat 
transfer varies approximately with the difference between the fourth power 
of the absolute temperature of the hot body and the fourth power of the 
cold body, and is substantially independent of the mass velocity. In the 
modern directly fired steam generator the average rate of heat transfer 
(B.t.u. per sq‘. ft. per hr.) by radiation is from 8 to 10 times that by con- 
vection. 

The maximum quantity of heat absorbed by the boiler heating surface 
is limited only by the amount of fuel which can be burned. For example, 
the average rate of heat absorption for the water heating surface of a boiler 
operating at conventional ‘‘rating’^ is approximately 3350 B.t.u. per sq. 
ft. per hr., but with suitable furnace and firing equipment this may be 
increased to 25,000 or more. These high ratings are not obtainable in the 
average type of steam generator and are possible only with improved 
furnace design. The cost of furnace and setting, air preheater, and forced 
and induced draft fans will be increased when high ratings must be carried, 
but these increased auxiliary costs are small compared with the costs of 
complete additional boiler plant. High boiler ratings tend, therefore, to 
lower the first cost and are often justified on this basis for given load 
conditions. 

Builders of return tubular and vertical fire-tube boilers allow from 10 
to 12 sq. ft. of water-heating surface per boiler horsepower (b.hp.) ; water- 
tube boilers are rated at 10 sq. ft., and Scotch marine boilers at 8 sq. ft. 
per b.hp. This is a purely arbitrary rating, since the boiler horsepower 
developed (one b.hp. = 33,479 B.t.u. absorbed per hr.) depends upon the 
rate of heat transfer (B.t.u. per sq. ft. per hr.) and not merely the extent 
of surface. 

In older types of stationary steam generators, the rate of heat absorp- 
tion seldom exceeded 7000 B.t.u. per sq. ft. of effective boiler heating sur- 
face, though a rate of 23,000 B.t.u. had been reached in locomotive work 
under intense forced draft. In modern steam generators with preheated 
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air and water-cooled furnace walls the average rate of heat absorption 
under normal operating conditions (water economizer and air preheater 
surface not considered) is seldom less than 15,000 B.t.u. per sq. ft. per hr. 
and in water-screens and water tube walls, absorption rates as high as 
75,000 B.t.u. have been realized. 

TABLE 23 


RELATION BETWEEN EVAPORATION AND HEATING SURFACE 


2 

Lb. Evaporation from and at 212 Deg. Fahr. per Sq. Ft. 
4 5 6 7 8 10 12 15 

per Hr. 

20 

25 

17.8 

Sq. Ft. Heating Surface Required per Boiler JIp. 
8.6 6.8 5.8 4 9 4.3 3.5 2 9 2.3 

1.8 

1.4 

1.9 

B.t.u. per Hr. per Sq. Ft. of H.S. (M B.t.u.) 
3.9 4.8 5.8 6 8 7.7 9.7 11.7 14.6 

17.5 

24.2 


74. Boiler Performance. — Tests of any kind, unless conducted in ac- 
cordance with some accepted standard, are apt to be misleading and 
frequently are valueless for purposes of comparison. The latest (1923) 
accepted standard in the United States for testing power plant apparatus 
is that recommended by the Committee on Power Test Codes of the Ameri- 
can Society of Mechanical Engineers, and published under the title “Test 
Code for Stationary Steam Boilers, Including Stokers, Superheaters, 
Economizers and Air Preheaters.’^ 

In the standard code individual performance charts are given for the 
different types of equipment and kinds of fuels under the following headings: 

SOLID FUELS 

Table la. Data and results, test of stationary steam-generating unit. 

Table 16. Heat balance of steam-generating unit. Short form. 

Table Ic. Computations for test of stationary steam-generating unit. 

Table 1^. Heat-balance computations, short form. 

Table 26. Heat balance of steam-generating unit comprising boiler 
and superheater, with or without integral economizers. 

Table 2d. Heat balance computations for Table 26. 

Table 36. Heat balance of steam-generating unit comprising boiler, 
superheater and economizer. 

Table 3d. Heat-balance computations for Table 36. 

Table 46. Heat balance of steam-generating unit comprising boiler, 
superheater, economizer, and air heater. 

Table 4d. Heat-balance computations for Table 46. 
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LIQUID FUELS 

Same tabular headings as for Solid Fuels. 

GASEOUS FUELS 

Same tabular headings as for Solid Fuels. 

75. Units of Capacity. — According to the 1923 A.S.M.E. Boiler Code, 
the output of a boiler equipment may be expressed as: 

(a) The weight of water fed to the boiler per hour at observed pressure 
and quality or temperature, and observed feedwater temperature. 

(b) The equivalent evaporation per hour from and at 212 deg. fahr., 
and 

(c) Boiler horsepower. 

The weight of water fed to the boiler per hour under actual conditions 
is obtained directly from test measurements. 

Because of the extreme range in practice in boiler pressure, quality, 
superheat, and feedwater temperature, the statement of pounds of water 
evaporated per hour gives no direct indication of the amount of heat 
absorbed, and for this reason a fixed condition of pressure, temperature, 
and quality is taken as a standard for comparison. The unit selected is 
the latent heat of vaporization of 1 lb. of steam at standard atmospheric 
pressure (14.7 lb. per sq. in. abs.). The latent heat under these con- 
ditions is the amount of heat absorbed by 1 lb. of water at a temperature 
of 212 deg. fahr. in being converted to dry steam at the same temperature. 
The weight of water actually evaporated under observed conditions, ex- 
pressed in terms of the weight which would be evaporated if the pressure 
were 14.7 lb. abs. and the feedwater temperature 212 deg. fahr., is called 
the equivalent evaporation from and at 212 deg. fahr. Thus it will be 
seen that the equivalent evaporation multiplied by 970.4 (Marks and 
Davis’ value of the latent heat of vaporization at atmospheric pressure) 
gives the same total heat absorption as that under actual observed con- 
ditions. In order to facilitate transference from ‘‘actual ” to “from 
and at 212,” the factor of evaporation has been established. This factor, 
Fy is the ratio of the heat absorbed by 1 lb. of feedwater under actual 
conditions to what it would absorb if the pressure were 14.7 lb. abs. and 
the feedwater temperature 212 deg. fahr., or, 

F = (40) 

970.4 

in which 

H ~ heat content of 1 lb. of steam at observed pressure and tem- 
perature or quality, B.t.u. per lb. above 32 deg. fahr. 
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52 = heat content of 1 lb. of feedwater at observed temperature, 
B.t.u. per lb. For most purposes = k — 32, in which 
h = temperature of the feedwater. 

970.4 = latent heat of 1 lb. of steam at atmospheric pressure (Marks 
and DavisO. G. A. Goodenough^s value is 971.7. 

The values of H for saturated and superheated steam may be found 
in steam tables. For wet steam, H may be calculated from the relation- 
ship: 

H == xr + q (47) 

in which 

X == quality of the steam, 

r = latent heat at observed pressure, B.t.u. per lb., 
q == heat of the liquid at observed pressure, B.t.u. per lb. 

The boiler horsepower, b.hp., as originally defined (Centennial Rating) 
was based on a conventional engine water rate of 30 lb. of steam per 
i.hp.-hr. at 70-lb. gage pressure and feedwater at 100 deg. fahr. This 
is equivalent to 34.5 lb. of steam “ from and at 212 deg. fahr.’^ or 34.5 X 
970.4 = 33,479 B.t.u. per hr. 

The present, or A.S.M.E., standard b.hp. is the evaporation of 34.5 lb. 
of water from and at 212 deg. fahr. and, therefore, is the same in the 
amount of heat absorbed as the Centennial b.hp. Since water rates vary 
from 5.5 lb. per hp.-hr., in the most economical grades of condensing 
engines using highly superheated steam, to 60 or 70 lb. per hp.-hr., in 
small non-condensing engines, it is apparent that the b.hp. has no con- 
nection whatever with the water rate of the engine. The power is de- 
veloped in the engine, and the boiler itself does no work; therefore, the 
term b.hp. is purely arbitrary and misleading. 

Manufacturers of stationary boilers ordinarily rate their boilers on 
the basis of 10 sq. ft. of heating surface^ per b.hp., and the power assigned 
is called the builder’s rating. If used as an index of size only, ‘‘rated 
horsepower ’’ is a satisfactory unit, but as the size of the boiler bears no 
relation to the horsepower of the engines it can furnish with steam, the 
term “rated horsepower’’ may well be omitted and the character and 
extent of heating surface only be specified. 

Example 20. — A boiler unit evaporates 30,000 lb. of water per hr. 
from feedwater at temperature 180 deg. fahr., to steam at 250 lb. abs. 

E ressure and 600 deg. fahr. Required the factor of evaporation, equiva- 
mt evaporation, and b.hp. developed. 

^ Boiler heating surface only. Does not include superheater, air preheater, econo- 
mizer, or furnace walls. 
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Solution. — From steam tables, H = 1313.9 and q 2 = 180 — 32 = 
148. Substituting these values in equation (46) and solving for F, 

F = (1313.9 - 148) -f- 970.4 = 1.201. 

The factor in this case signifies that it takes the same amount of heat to 
evaporate 1.201 lb. of water from a temperature of 212 deg. fahr. to steam 
at atmospheric pressure as it does to evaporate 1 lb. of water from a 
temperature of 180 deg. to superheat steam at 250 lb. pressure and 600 deg. 
temperature. 

The equivalent evaporation per hr. is therefore 30,000 X 1.201 = 
36,030 lb. and the b.hp. = 36,030 4- 34.5 = 1044. If the boiler is oper- 
ated at a builder^s rating of 10 sq. ft. of heating surface per b.hp., 10,440 
sq. ft. of heating surface would be required. If operated at 200 per cent 
of rating, 5,220 sq. ft. would be required. In large central stations boiler 
units are frequently driven during peak loads at 450 to 750 per cent of 
rating. 

Because of the variation in the value of the latent heat of vaporization 
at atmospheric pressure as given by different authorities, and the fact 
that computations must in any case be made in B.t.u., the Power Test 
Code Committee of the A.S.M.E. recommends that the capacity be given 
in heat units per hr. instead of b.hp., and that the round number 1000 be 
taken as the unit of evaporation instead of 970.4. For the data in Ex- 
ample 20, this would give the total heat output as 30,000 (1313.9 — 148) 
= 34,977,000 B.t.u. per hr. or 34,977,000 4- 1000 = 34,977 units of 
evaporation. It will be seen that the units of evaporation (using 1000 
as a basis) are but 3 per cent lower than the equivalent from and at 212 
deg. fahr., and offer the advantage of direct conversion into B.t.u. without 
calculation. 

76. Units of Performance. — According to the latest standard code, the 
performance of a boiler (including firing equipment) should be expressed 
in terms of 


SOLID FUELS 

(1) Efficiency of boiler, superheater, furnace, grate and air heater: 
Ratio of heat units output to high calorific value of dry fuel or fuel as 
jfired. (Omit ‘‘superheater ” and “air heater ” if the unit is not equipped 
with these appliances.) 

(2) Efficiency, including economizer. 

(3) Fuel (dry and as fired) per hr.; per sq. ft. of grate; per sq. ft. of 
retort and per burner per hr. 

(4) Combustion space per lb. of fuel (dry and as fired) per hr. 

(6) Actual and equivalent evaporation per lb. of fuel (dry and as 
fired) per hr. 
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(6) Equivalent evaporation per sq. ft. of heating surface per hr. 

(7) Number of 1000 B.t.u. absorbed per sq. ft. of boiler heating surface 
per hr. 

(8) Boiler horsepower, average. 

(9) Percentage rating. 

The same items are used for liquid and gaseous fuels, except that the 
terms ^'grate ” and retort ” are replaced by the term burner.^' 

Performance in terms of combustible,^^ as specified in the 1915 code, 
has been omitted from the revised code and is not mentioned in the code 
on definitions and values. 

The more important of these items will be considered separately. 

77. Boiler, Superheater, Furnace, Grate and Air-heater Efficiency. — A 
perfect boiler and furnace is one that transmits to the water in the boiler 
the .total heat of the fuel and air. In order to effect this result, combustion 
must be complete, there must be no radiation or leakage losses, and the 
products of combustion must be discharged at approximately the initial 
temperature of the fuel. No commercial form of steam boiler can fulfill 
these conditions; hence the amount of heat absorbed by the boiler will 
always be less than the high calorific value of the fuel. 

A general expression for overall efficiency of a steam-generating unit is 

E = F (Hi - q2) -5- Hf (48) 

in which 

E = efficiency of the boiler equipment, consisting of boiler, super- 
heater, furnace, grate, air heater, and economizer, or of as 
many of these appliances as are included in the equipment. 

W = weight of feedwater evaporated into steam, at the observed 
pressure and quality, lb. per lb. of fuel as fired or dry. 

Hi = heat content of the steam, at observed pressure and quality, 
B.t.u. per lb. above 32 deg. fahr. 

qz = heat content of the feedwater as fed into the boiler, B.t.u. per lb. 

above 32 deg. fahr. The efficiency is frequently expressed as ^ 
''with or without econoifiizer.^’ The former is obtained by 
taking qz as the heat content of the water entering the econo- 
mizer and the latter as that of the water entering the boiler. 
For temperatures below 250 deg., qz may be taken as tz — 32, 
in which to = temperature of the feedwater, deg. fahr. 

Hf = high calorific value of the fuel as fired or dry, depending upon 
the basis to which W is referred. 

Test Code for Stationary Steam Boilers: Published by the Am. Soc. Mech. Engrs., 

29 W. 39th St., New York City. 
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The ‘‘efficiency based on combustible ” was included in the 1915 Code 
but has been dropped in the revised Code. This efficiency is calculated 
from equation (48) by referring TT to a “ combustible as burned ” basis 
and taking H/ as the calorific value of the “ combustible.’^ 

The efficiency as calculated from equation (48) is the gross overall 
efficiency in which the steam generating unit is credited with the heat 
absorbed by the water and steam, and debited with the gross heating value 
of the fuel. The heat absorbed by the water and steam less that required 
to operate the feed pumps, fans, fuel-firing apparatus and other auxiliaries 
immediately connected with the steam generating unit may be taken as 
the net heat delivered, and the ratio of the latter to the gross heating value 
of the fuel as the net overall efficiency. While the term “ net ” efficiency 
does not appear in the code forms, the Code recommends that a record 
be kept of the heat requirements of the various boiler auxiliaries. 

Example 21. — Calculate the various factors entering into the per- 
formance of a modern stoker-fired steam generating unit using the follow^ 
ing data: 

DIMENSIONS, SQ. FT. 


Boiler heating surface 15,697 

Bailey-wall surface 

595 

Superheaiting “ 

2,822 

Grate area (effective) 

362 

Economizer “ 

7,515 

Grate area projected 

337 

Ak-preheater “ 

22,072 

Furnace vol., cu. ft. 

7780 


FUEL ANALYSIS, PER CENT 


Proximate, as Fired: 


Ultimate^ as Fired: 


Volatile matter 

23.55 

Carbon 

78.60 

Fixed carbon 

67.79 

Hydrogen 

4.72 

Ash 

7.73 

Oxygen 

3.68 

Moisture 

2.93 

Nitrogen 

1.53 

Sulphur 

0.81 



Heat valve, B.t.u. per lb.: 



As fired, 13,935 

Dry, 14,356 Combustible, 15,600 

GAS 

ANALYSIS, 

PER CENT BY VOLUME 


00, 


16.1 Nitrogen 

81.25 

Oxygen 


3.6 CO 

0.05 


AVERAGE PRESSURES, LB. PER SQ. IN. 

Steam, gage 403.20 Barometer, abs. 14.7 

AVERAGE TEMPERATURES, DEG. FAHR. 

Steam 686.9 Gases leaving economizer 344.0 

Feedwater entering boiler 322.3 Gases leaving preheater 197.0 

Feedwater entering economizer 270.1 Air leaving preheater 264.0 

Gases leaving boiler 460.5 Air entering preheater 70.0 
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TOTAL QUANTITIES 

Coal as fired, lb. 118,911 Dry refuse, coal as fired 


Dry coal, lb. 115,427 basis per cent 8.03 

Dry refuse, lb. 9,555 Feedwater, M lb. 1411.0 

CALCULATIONS 

Hourly Quantities. 

Duration of test, hr. 24.0 

Fuel as fired, lb. per hr. = 118,911 24 = 4954 

Dry fuel, lb. per hr. = 115,427 4- 24 = 4809 

Fuel as fired, lb. per sq. ft. of grate surface per hr. = 4954 -v- 337 = 14.7 
Dry fuel, lb. per sq. ft. of grate surface per hr. = 4809 -f- 337 = 14.3 
Combustion space, cu. ft. per lb. coal pei hr. as fired = 

7780 -r- 4954 = 1.57 

Combustion space, cu. ft. per lb. per hr. dry coal = 7780 4809 = 1.61 

Rate of combustion, B.t.u. per hr. per cu. ft. of furnace vol. = 

4954 X 13,935 7780 = 8,873 

Actual evaporatioir, lb. per hr. = 1,411,000 24 = 58,800 

Factor of evaporation = (1297.6 — 292.6) 970.4 = 1.036 

Equivalent evaporation, lb. per hr. = 58,800 X 1.036 = 60,917 

Units of evaporation, UE = 60,917 X 970.4% 1000 = 59,094 

Boiler horsepower developed = 60,917 34.5 = 1,764 

Rated capacity (10 sq. ft. h.s. = 1 hp.) = 15,697 -i- 10 = 1,570 

Per cent builders rating = 100 (1764 -r- 1570) = 112 

Evaporation. 

Actual evaporation, lb. per lb. of coal as fired = 

58,800 4- 4954 = 11.86 

Actual evaporation, lb. per lb. dry coal = 58,800 -e- 4809 = 12.22 

Equivalent evaporation, lb. per lb. coal as fired = 

60,917 4954 = 12.29 

Equivalent evaporation, lb. per lb. dry coal = 60,917 4809 = 12.60 

Equivalent evaporation, lb. per lb. of combustible burned = 

12.29 -f- [1 - (0.0293 + 0.0803)] - 13.80 

Equivalent evaporation per sq. ft. h.s. per hr. = 60,917 15,697 = 3.88 

Units of evaporation per sq. ft, h.s. per hr. = 59,094 15,697 = 3.76 

Efficiencies. 

Efficiency of boiler, superheater, furnace and air preheater, per cent = 

100 (12.29 X 970.4) 13,935 = 85.6 


Efficiency on combustible basis = 100 (13.80 X 970.4) 4- 15,600 = 85.9 
Comparative efficiency of boiler, superheater, furnace and grate 
(when not equipped with air heater) = 

100 (12.29 X 970.4) [0.24 (264 - 70) 12.7' + 13^935] = 82.0 

EflSciency including economizer = 

100 [12.29 X 970.4 + 11.86 (292.6 - 238.9)] 13,935 = 90.0 

Comparative efficiency including economizer (when not equipped 
with air heater) = 

100 [12.29 X 970.4 + 11.86 (292.6 - 238.9)] 

[0.24 (264 - 70) 12.7' + 13,935] = 

^ Lb. air per lb. of coal as fired. 


86.4 
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HEAT BALANCE. DRY COAL 

The calculations for the heat balance are not indicated, but the results 
are given to complete the form. 


‘ Per cent 


Per cent 

Heat absorbed by water 


Loss due to water from 


walls 

6.23 

hydrogen 

3.20 

Heat absorbed by boiler 

76.17 

Loss due to CO 

0.19 

Heat absorbed by economizer 

4.28 

Loss in dry flue gas 

2.52 

Heat returned by air pre- 


Loss in refuse 

0.33 

heater 

3.75 

Unaccounted for 

3.06 

Loss due to moisture in air 

0.06 



Loss due to moisture in fuel 

0.21 

Total 

100.00 


Values have been carried out to two decimal places, but such refinement 
is without purpose, inasmuch as fuel and gas analyses and many of the 
observed data may be considerably in error. Thew allowable tolerance 
depends upon so many factors that each test must be considered individ- 
ually. ^ 

The maximum theoretical efficiency, J? 2 , of the boiler or the efficiency 
of the ideal or perfect boiler, based on utilizing all the heat except the 
inherent losses, may be expressed as 

. , E,^(H^I)/H (51) 

m which 

H = calorific value of the coal as fired, 

I = inherent losses as analyzed in paragraph 59. 

The efficiency ratio, Esj or the extent to which the theoretical possi- 
bilities are realized, may be taken as 

J?3 = EjE^ (52) 

in which 

E = efficiency of the boiler, furnace, superheater, grate, air heater, 
and economizer, or of as many of these appliances as are 
included in the equipment. 

E 2 = as in equation (51). 

The furnace and grate efficiency, E^, based on heat available, may be 
expressed 

• £^4 = [ff- (/ + F)]-5- (H-F) (53) 

in which F = furnace losses, consisting of (a) loss due to unbumed fuel 
dropping through the grate or withdrawn from the furnace, (b) loss due 
to the production of CO, (c) loss due to escape of unburned hydrocarbons, 
(d) loss due to the combination of carbon and moisture and production 
of hydrogen when fresh moist coal is thrown on a bed of white-hot coke, 
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(e) radiation due to the furnace and (/) unaccounted for losses due to the 
furnace. (For an analysis of these losses, see paragraphs 49 to 60.) 

Equation (53) does not furnish a method of finding the true efficiency, 
because it is impossible to determine loss (d) and impracticable to obtain 
loss (c) with the gas-testing appliances ordinarily available. It is also 
almost impossible to separate losses (e) and (/) attributed to the furnace 
from the ^^radiation and unaccounted for ’’ losses attributed to the boiler 
alone. 


TABLE 24 

RELATION BETWEEN FUEL CONSUMPTION AND OVERALL BOILER EFFICIENCY 
(Pounds of Fuel Burned per B. Hp.-hr.) 


Calorific Value 


Boiler, Furnace and Grate Efficiency 


per Lb . 

50 

55 

60 

65 

70 

75 

80 

85 

00 

95 

7,500 

8.94 

8 12 

7.45 

6.87 

6.37 

5.95 

5.58 

5.25 

4.95 

4.70 

8,000 . 

8.37 

7.60 

6.97 

6.43 

5.98 

5.58 

5 22 

4.92 

4.65 

4.40 

8,500 

7.87 

7.12 

6.56 

6.05 

5.62 

5.25 

4.97 

4.63 

4.38 

4.14 

9,000 

7.45 

6.76 

6.20 

5.72 

5 31 

4.96 

4 65 

4.36 

4.12 

3.92 

9,500 

7.05 

6.40 

5.87 

5.41 

5.02 

4 69 

4.40 

4.14 

3 91 

3 70 

10,000 

6.70 

6.09 

5.58 

5.15 

4.79 

4.46 

4.18 

3.94 

3.72 

3.52 

10,500 

6.39 

5.80 

5.86 

4.90 

4 56 

4.26 

3.99 

3.76 

3.54 

3.36 

11,000 

6.09 

5.52 

5.06 

4.67 

4.34 

4.05 

3.80 

3.59 

3.39 

3.20 

11,500 

5.83 

5 29 

4.85 

4.47 

4.16 

3.88 

3.64 

3 45 

3.24 

3.06 

12,000 

5.58 

5.06 

4.65 

4.28 

3.99 

3.72 

3.48 

3.28 

3.11 

2.94 

12,500 

5.35 

4.86 

4.46 

4 11 

3.82 

3.57 

3.34 

3.14 

2.98 

2.82 

13,000 

5.15 

4.68 

4.29 

3.96 

3.68 

3.43 

3.22 

3.02 

2.87 

2.71 

13,500 

4.96 

4.51 

4.18 

3 81 

3.54 

3.31 

3.10 

2.91 

2.76 

2 62 

14,000 

4.79 

4.35 

3 99 

3.68 

3.42 

3.19 

2 99 

2.81 

2.66 

2.52 

14,500 

4.62 

4.20 

3.84 

3.54 

3.30 

3.08 

2.88 

2.72 

2.57 

2.43 

15,000 

4.47 

4.06 

3.72 

3.43 

3.19 

2.98 

2.79 

2.64 

2.48 

2.35 


In practice, the operating engineer is chiefly concerned with the com- 
bined efficiency of the boiler, superheater, economizer, air heater, furnace, 
and grate, as defined by the A.S.M.E. Boiler Code. This factor is readily 
determined with the ordinary instruments found in the average modern i 
plant. In attempting to better the efficiency, it is necessary to separate 
the various losses as described in paragraphs 49 to 57, since this pro- 
cedure enables the engineer to locate the source of loss, and, by com- 
paring the actual and inherent losses, to show where improvement may 
be effected. Although efficiencies of 85 per cent or more have been 
realized in several instances without the use of economizers or preheated 
air, such performances cannot be expected for continuous operation. In 
large central stations with high load factors, yearly overall boiler efficien- 
cies of 80 per cent have been recorded, but the average is in the neighbor- 
hood of 77 per cent. In large isolated or industrial plants a fair average 
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is 70 per cent. Small isolated stations that show at times an efficiency 
as high as 75 per cent seldom average 50 per cent for the year, though a 
number of recently installed oil-fired and powdered-coal fired plants have 
been credited with yearly overall efficiency of 70 per cent. With air pre- I 
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Fig. 54. Typical Performance Curves. Refractory-lined Furnace, No Economizer 

or Air Preheater. 




Per Cent of Rated Capacity. 

Fig. 65. Typical Performance Curves of a Modern Steam Generator 
with Air Preheater and Economizer — Underfeed Stoker. 

heaters, water-cooled furnaces and economizers, test efficiencies as high 
as 94 per cent have been obtained and average yearly efficiencies of 86 
per cent are not uncommon. The overall efficiency is dependent upon 
so many factors, such as type of steam generator equipment, character of 
fuel and load characteristics that general figures are but of academic 
interest. A number of typical performance curves are shown in Figs. 54 
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to 63. Fuel economy is only one of the many items entering into the 
economical operation of the boiler plant. Different fuels may give the 
same efficiency under actual operating conditions, but the ultimate econ- 
omy in dollars and cents may vary considerably. The real criterion is 
the net cost of evaporation, taking into consideration first cost of equip- 
ment, the cost of handling the fuel, disposition of refuse, maintenance of 
equipment and ability to handle peak loads. Each installation is a prob- 
lem in itself and all local conditions must be considered before maximum 
economy can be effected. 

TABLE 25 

RELATION BETWEEN RATE OP EVAPORATION PER POUND OF FUEL AND 
OVERALL BOILER EFFICIENCY 

(Pounds of Water Kvaporated per Hr. from and at 212 Deg Fahf. per Pound of Fuel) 


Calorific Value 
of Fuel, B.t.u. 
per Lb. 

Overall Boiler Efficiency 

50 

55 

60 

65 

70 

75 

80 

85 

00 

95 

7,500 

3.86 

4 25 

4 64 

5 02 

5.41 

5 80 

6.18 

6 57 

6 96 

7.34 

8,000 

4.12 

4 55 

4 95 

5 36 

5.77 

6 18 

6.60 

7 01 

7.42 

7 84 

8,500 

4.38 

4.81 

5.26 

5 70 

6.14 

6 57 

7 01 

7 45 

7 86 

8.31 

9,000 

4 64 

5 10 

5 56 

6.Ut 

6 50 

6 96 

7.42 

7 90 

8.36 

8.81 

9;500 

4.90 

5 39 

5 88 

6.47 

6 86 

7.35 

7.85 

8 .83 

8.81 

9.30 

10,000 

5.16 

5 66 

6 19 

6.70 

7.21 

7.74 

8.25 

8.76 

9 28 

9 80 

10,500 

5 40 

5.94 

6.48 

7 01 

7 55 

8 10 

8 64 

9 17 

9 72 

10.3 

11,000 

5 65 

6 22 

f).79 

7 35 

7.91 

8.48 

9.05 

9.61 

10 2 

10.8 

11,500 

5.91 

6 50 

7.10 

7 69 

8.28 

8.86 

9.45 

10.0 

10 6 

11.3 

12,000 

6.16 

6 78 

7.40 

8.01 

8.64 

9.25 

9.86 

10.5 

11 1 

11.7 

12,500 

6.42 

7.06 

7 70 

8.35 

9.00 

9.64 , 

10 3 

11.0 

11.6 

12.4 

13,000 

6.69 

7.35 

8 01 

8.69 

9 35 

10 0 1 

10 7 

11.4 

12 0 

12.7 

13,500 

6.95 

7 65 

8 34 

9 03 

9 72 

10.4 

11. 1 

11.8 

12.5 

13.2 

14,000 

7.20 

7 91 

8 64 

9 35 

10 1 

10 8 

11.6 

12.2 

13 0 

13.7 

14,500 

7.45 

8 20 

8 95 

9.70 

10.5 

11 2 

12.0 

12.7 

13.4 

14.2 

15,000 

7.72 

8 50 

9 26 

10 1 

11 8 

11 6 

12.4 

13.1 

13.9 

14.7 


78. Eate of Combustion. — According to the A.S.M.E. Boiler Code, 
the rate of combustion is expressed as (1) lb. of fuel (dry or as fired) per 
sq. ft. of grate surface, per sq. ft. of retort, per retort or per burner per hr. 
and (2) lb. of fuel (dry or as fired) per cu. ft. of furnace volume. Powdered, 
liquid, and gaseous fuels are burned in suspension, and since no grates 
are employed the rate of combustion is expressed in terms of furnace 
volume or per burner only. 

The capacity of a given boiler equipment is limited only by the amount 
of fuel which can be burned per unit of time. The rate at which solid 
fuel can be burned depends upon the extent and nature of the grate sur- 
face, character of the fuel and the draft. Efficiency of combustion is 
largely influenced by the size and proportional dimensions of the combus- 
tion chamber. In locomotive and marine practice, space limitations 
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necessitate the use of small grates and combustion chambers, but in sta- 
tionary plants there is a wide permissible range in size. In the former, the 
amount of fuel burned per sq. ft. of grate surface or per cu. ft. of furnace 

' 100 
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& 

I ^ 
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0 

0 100 200 300 400 

Steam Floitr, Thousands of Pounds per Hour 

Fig. 66. Distribution of Heat Energy Recovered in a Modern Steam Generator. 

Powdered Coal. 

volume must be high, in order to obtain the desired capacity, but in the 
latter it may be high or low, depending upon the design of the equipment. 

Grate Surface, Grate surface 
is defined by the A.S.M.E. Com- 
mittee on Power Test Codes as 
the horizontal projected area of 
grates or stoker, including dump 
plates, ash crushers, etc. It is 
also stated as the total projected 
area of all surfaces supporting 
fuel, within the front wall of the 
furnace. In stationary practice 
there is a wide permissible range 
in proportioning grate surface, 
because a given rate of combus- 
tion may be effected with large 
grate surface and light draft, or 
with small grate surface and 
strong draft. For example, 9000 
lb. of coal can be burned per hr. 
at a rate of 30 lb. per sq. ft. of grate surface per hr. on a 300 sq, ft. grate, 
and at a rate of 15 lb. per sq. ft. on a 600 sq. ft. grate. The draft necessary 
to force the air for combustion through the grate openings and fuel bed of 
the smaller grate, however, will have to be greater than that of the larger 
because of the increased depth of the fuel By increasing the depth of the 



Fig. 67. Performance of Chain-grate Stoker 
with Over-fire Air Injection. 
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TABLE 26 

ATERAOB RATES OF COMBUSTION FOR CONTINUOUS OPERATION 


Lb. Fuel per Sq. Ft. of Grate Surface per Hr. 
(Bulk Fuel) 


Kind of Fuel 

Natural Draft 

Forced Draft 

Haud-fired 

Chain Grate 

Hand-fired 

Chain 

Grate 

Underfeed 

Anthracite 

15 

Not suitable 

20 

35 

Not suitable 

Semi-anthracite. . . 

16 

• 20 

25 

35 

35 

Semi-bituminous. . 

18 

20 

35 

35 

35 

Eastern bitum. . . . 

20 

20 

30 

35 

40 

Western bitum 

25 

20 

35 

40 

40 

Coke breeze 

Not suitable 

Not suitable 

20 

45 

Not suitable 

Lignite 

25 

25 

35 

40 

40 


TABLE 27 

ECONOMICAL COMBUSTION RATES 


(J. G. Worker, 1928) 


Fuel Analysis 
(Per Cent as Fired) 

1 

Eastern 

Coal 



Iowa 

Coal 

Lignite 

Moisture . . 

4 

4 

10 

15 

21 

Volatile Matter 

17 

30 

30 

27 

35 

Fixed Carbon . 

73 

59 

48 

33 

34 

Ash 

6 

7 

12 

25 

10 

Sulphur 

1 

2 

3 

4 

1 

B.t.u. (dry) 

14,300 

13,500 

12,200 

10,400 

11,500 


Pounds of Coal per Scjuarc Foot of Grate Surface per Hour: 


Minimum for continuous 

A 

15-25 

15-25 

18-25 

18-25 

15-25 

operation 

B 

12-20 

15-20 

15-20 

15-20 

15-20 

C 


15-20 

18-25 

20-25 

20-25 


D 


15-25 

15-25 

15-25 


Recommended for continuous 

A 

30-40 

30-40 

30-40 

30-40 

30-40 

operation 

B 

20-25 

20-25 

20-25 

20-25 

20-25 

C 


20-25 

20-25 

20-25 

25-30 


D 


25-35 

25-35 

25-35 

35-40 

Maximum for continuous 

A 

45-50 

45-50 

40-45 

38-42 

38-45 

operation 

B 

25-30 

30-35 

30-35 

25-30 

25-30 

C 


30-33 

30-35 

25-30 

35-40 


D 


40-45 

40-45 

35-40 

40-45 

Recommended for 3 to 4 hour 

A 

60-70 

60-70 

50-60 

45-50 

50-60 

peaks 

B 

30-35 

35-40 

30-35 

25-30 

30-35 

C 


35-40 

40-45 

35-40 

35-40 


D 


45^60 

50-60 

45-55 

50-55 

Maximum for 3 to 4 hour 

A 

75 

75 

70‘ 

70 

70 

peaks 

B 

40 

40 

40 

35 

40 

C 


40 

45 

40 

45 


D 


65 

65 

60 

65 


A — Forced draft, underfeed B — Natural draft, overfeed 

C — ' Natural draft, chain grate D — Forced draft, chain grate 
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fuel and the draft pressure, any rate of combustion up to the maximum 
obtainable with that particular fuel can be maintained, provided the grate 
is correctly proportioned. There is a limit to the velocity at which air 
can be successfully forced through a given grate and kind of fuel. A 
certain time element is essential to the maintenance of combustion tem- 
perature and the proper mixing and contact of the air with the fuel and 
unconsumed gases. When the flow of air through the grate openings is 
so rapid that this time element is not provided, the fire is “ blown out.^' 
This condition frequently arises when^igh rates of combustion are at- 
tempted with forced-draft stokers by raising the wind-box pressure until 
the velocity through the grate openings is excessive. The maximum rate 
of combustion is dependent upon the character of the fuel, stage of com- 
bustion, and provision for dis- 
sipating the air through the 
fuel bed. There is more dan- 
ger of blowing out the fire in 
the ignition stage than after 
the carbon has reached incan- 
descence. Evidently the term 
maximum rate of combustion 
per sq. ft. of grate surface per 
hr.,^^ as determined by dividing 
the total maximum weight of 
fuel fired per hr. by the area of 
the grate, may be misleading, as for example in a forced-draft chain grate 
where there are three distinct stages of combustion. Here the weight of fuel 
burned is relatively small in the first stage, high in the middle and again 
low in the last. This illustrates the fact that air can be forced through 
certain sections of a grate at much higher velocities than through other 
portions of the same grate. The maximum economical rate of combustion 
of any fuel is largely influenced by the furnace and grate equipment. 
High rates of combustion usually result in high furnace temperatures with 
increased troubles from clinker formation, destruction of the furnace 
refractories, and burning out of tubes. For each fuel and grate there is a 
maximum rate of combustion beyond which the efficiency drops off rapidly, 
and the equipment should be designed to operate within this maximum. 
Where conditions permit, high rates of combustion should be avoided. In 
some of the latest power stations provided with water-cooled side walls, large 
combustion chambei^s, and clinker grinders, rates of combustion have been 
obtained at peak loads which a few years ago were thought impossible. 

The ratio of grate area to heating surface is sometimes used as a guide 
in proportioning the grate, but the extent of grate surface depends upon 
so many factors that this method of procedure is of little value and is 
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Boiler H.S. 

10,337 Sq Ft. 

Furnace Volume-5000 Cu. Ft. 

Furnace Wall H.S. 

550 Sq. Ft. 

Coal-13,732 B.T.U. per lb. 

Air Preheater H.S. 

20,000 Sq. Ft. 

(As Fired.) 


■■■■■■■■ISffiSEE!.SiSSSS3aai 


iH MBBgsaii 


iiiSSSBI 


Percent of Boiler Rating. 

Fig. 59. Performance of a Modern Taylor Stoker. 
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Fig. 59a. Test Curves Showing the Development of Boiler and Stoker Per- 
formances During the Past 17 Years. 

likely to lead to serious error. Thus, with anthracite and hand-fired 
grates, we find boilers operating successfully with ratios of grate surface 
to heating surface ranging from 1 to 30, to 1 to 60. With underfeed 
stokers burning bituminous coals, the range is from 1 to 35, to 1 to 60. 

The curves in Fig. 60 give some idea of the relation between draft and 
rate of combustion for various fuels, and the values in Tables 26 and 27 
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offer a rough guide for estimating the average rates of combustion in 
general practice. 

In locomotive and marine practice, rates of combustion as high as 
225 lb. of coal per sq. ft. of grate surface per hr. have been attained, but 
such results cannot be considered seriously from an operating point of 



Poonds of Coal Burned per Square Foot of Grate Surface per Hour 

Flo. 60. Relation Between Draft and Rates of Combustion for 
Various Coals — Stationary or Traveling Grates. 


view. The results, however, show what can be done in the way of burning 
solid fuel. In the latest large central stations, in which the boilers operate 
continuously at 300 to 450 per cent rating, the rate of combustion at these 
loads seldom exceeds 50-60 lb. of high grade bituminous coal per sq. ft. of 
projected grate surface per hr. 

Furnace Volume. The maximum amount of fuel which can be burned 
efficiently per cu. ft, of furnace volume is a product of many variables. 
Among the more important factors may be mentioned the nature of the 
fuel, shape of furnace, type of fuel-burning equipment, and the means 
employed for mixing the air and volatile gases in the furnace. In view 
of the different conditions, general comparisons based on efficiencies and 
furnace volumes are of little value for purposes of design. Large furnace 
volumes mean increased first cost of settings and higher maintenance 
charges. Small combustion chambers are a . necessity in marine and 
locomotive work, and high combustion rates must be maintained in order 
to realize the desired capacity. In stationary boilers there is no such 
» restriction and there is a wide range in the size of furnace for a given rate 
of combustion. As much as 25 lb. of coal and 16 lb. of oil have been burned 
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per hr. per cu. ft. of furnace volume in locomotive and marine boilers, but 
because of the reduced boiler efficiency such extreme rates of combustion 
are not to be considered except for emergencies. In the average stationary 
plant, maximum combustion rates seldom exceed 2 lb. of coal and 4 lb. 
of oil per cu. ft. of furnace volume, but in modern central station practice 
as high as 6 lb. of coal and 8 lb. of oil have been burned per hr. per cu. ft. 
of furnace volume with good efficiency. See Table 33a. 

79. Influence of Capacity on Efflcleney. — Boilers are ordinarily rated 
on a commercial basis of 10 sq. ft. of heating surface per b.hp. This rating 
is absolutely arbitrary and implies nothing as to the limiting amount of 
water that this amount of heating surface wih evaporate. It has long been 
known that the evaporative capacity of a well-designed boiler is limited 
only by the amount of heat that can be liberated in the furnace. Thus, 
in locomotive practice, 1 b.hp. has been developed with 2 sq. ft. of heating 
surface, and in torpedo boat practice this figure has been reduced to 1.8 
sq. ft. If there were no practical limitations to capacity, few, if any, 
boilers would be operated at the rated load, and the amount of heating 
surface for a‘ given evaporation would be only a fraction of the present 
requirements. Briefly stated, the limitations are : 

1. Efficiency, — As the capacity increases beyond a certain limit, the 
overall efficiency drops off, and a point is reached where further increase in 
capacity is obtained at a cost greater than that of additional heating surface. 

2. Heat Liberation, — All fuels have a maximum rate of combustion 
beyond which satisfactory results cannot be obtained. With this limit 
established, the only method of obtaining added capacity is by burning 
more fuel. Since the firing equipment and furnace volume for a given 
boiler are limited by the impracticability of operating economically above 
a certain size, there is obviously a commercial limit to the maximum weight 
of fuel burned per unit of time. 

3. Draft, — In order to effect a heavy rate of combustion, a great 
increase in draft is necessary. Apart from the power required to produce 
the draft, there is the possible loss of fuel carried away in the “cinders.^' 

4. At heavy rates of driving, the furnace and stoker maintenance may 
become excessive. 

6. Feedwater, — For continuous high boiler overloads, the feedwater 
must be practically free from scale-forming elements and matter which 
tends to cause foaming and priming. 

6. External Surfaces, — Soot is such an excellent non-conductor of heat 
that provision must be made for its removal at frequent intervals, and, par- 
ticularly so, if the boiler is expected to operate efficiently at heavy loads. 

Tests show that if the furnace conditions are kept constant regardless of 
load, the efficiency of the boiler alone will decrease with increasing loads. 
But the furnace and grate efficiency increases with the capacity up to a cer- 
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tain point, beyond which it remains constant or gradually drops off. For 
a certain portion of the load, this increase in furnace efficiency may be at 
a greater rate than the decrease in boiler efficiency. Consequently, the 
maximum combined efficiency may occur at a point either side of the rated 
capacity or remain constant over a considerable range of ratings. 

In general, the combined efficiency of boiler, furnace, and grate in- 
creases with the capacity until a maximum is reached, from which point 
it drops off steadily with each increment of increase in load. This point 
of maximum efficiency varies with the type and size of boiler, kind of 
grate, design of furnace, character of fuel, and conditions of operation, 
and may range from 75 to 200 per cent or more of the rating. With 
stokers of the underfeed type, other things being equal, the highest ef- 
ficiency is obtained from the greatest number of retorts, and the greatest 
effect on the overall efficiency is the rate of driving per retort. The 
curves in Figs. 54 to 60 are based upon authentic tests and give some idea 
of the effect of capacity on efficiency in specific cases. There are plants 
throughout the country in which boilers are developing, during periods of 
peak load, capacities of 500 per cent of the rating, and 700 per cent has 
been reached at the Hell Gate Station; but such loads cannot be main- 
tained continuously with any degree of ultimate economy, except, perhaps, 
in the latest type of steam generator equipped with water-cooled furnace 
and air preheaters. It is a question if there are thirty plants throughout 
the country operating continuously day in and day out at 400 per cent 
rating. Widely varying loads are carried to-day in ordinary plant opera- 
tion with overall efficiencies higher than those formerly secured from 
constant loads and under test conditions. 

80 . Thickness of Fire. — For each boiler equipment, set of operating 
conditions, and grade of fuel, there is a depth of fuel bed which will give 
maximum efficiency; but, unfortunately, .there are so many variables 
involved that general rules based on only two or three of the influencing 
factors are apt to be misleading. The composition and size of fuel, de- 
sign of grate and stoker, type and size of boiler, method of firing, furnace 
construction, and general condition of the equipment exert such marked 
influence on the proper depth of fuel bed for a given rate of driving that 
actual tests of each installation are necessary before this item can be 
definitely established. For a given size and grade of fuel, a thick bed 
offers more resistance to the flow of air than a thin one; therefore, for a 
given draft pressure, the weight of air which can be forced through the 
fuel bed increases or decreases as the thickness is decreased or increased. 
Evidently there is a point beyond which increased depth will result in a 
deficiency of air, with accompanying reduction in capacity and efficiency. 
The reverse, however, is not true, since the greater the weight of air 
forced through the bed the greater will be the rate of combustion. Excess 
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air will be found above the unbumed or devolatilized portion of the fuel 
bed, and immediately above holes in the fire, but all the air for complete 
combustion cannot be forced through the burning portion of bed from 
which the volatile matter is being distilled. 

The following abstract from Technical Paper 80 U. S. Bureau of Mines, 
is of interest in connection with the hand firing of soft coals on stationary 
grates. “ A thick fuel bed not only does not decrease the free oxygen in 



Thickness of Fire, Inches 

Fig. 61 . Effect of Thickness of Fire on Capacity and Efficiency. 

the flue gases, but it may actually increase it, thus: Assume that in a 
hand-fired furnace with a fuel bed 5 in. thick, the quantity of air admitted 
through the proper opening in the fire doors is sufficient to burn completely 
the combustible gases rising from the fuel bed. Now, if the thickness of 
the fuel bed is increased to 10 in., its resistance is nearly doubled; the 
draft over the fuel bed is increased somewhat, but is not doubled. The 
quantity of combustible gases rising from the surface of the fire depends 
directly on the quantity of air flowing through the fuel bed. Therefore, 
when the resistance of the fuel bed is nearly doubled by doubling the 
thickness of the fuel bed, less air (but more than one-half) flows through 
the fire and less combustible gas rises from its surface. At the same time 
the openings admitting air over the fuel bed remain constant, so that the 
higher furnace causes more air to flow over the fire. Thus, when the fuel 
bed is 10 in. thick, less combustible gases are burned with larger air supply 
over the fire than when the fire is only 5 in. thick, provided, of course, that 
in both cases the fire is perfectly level and is free from holes. 

The accumulation of clinker has the same effect as thickening the fuel 
bed. The clinker increases the resistance to the flow of air through the 
fuel bed, so that the latter generates a smaller quantity of gas. The 
increased draft in the furnace draws in more air through the openings in 
the fire door, so that more is used to bum 1 lb. of coal when the grate is 
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clinkered than when the fire is clean. This fact is known to every boiler- 
room operator. 

Many firemen do not like thin fuel beds because they cannot run the 
fires with long intervals between firings. However, this feature is rather 
in favor of a thin fuel bed than against it. If the fireman must give the 
fires frequent attention he is more likely to keep them level and free from 
holes. A thin and level fuel bed is the most important requisite in burn- 
ing coal eflSciently. 

A thick fuel bed is a common cause of excessive clinkering, particularly 
in the case of a coal whose ash melts at relatively low temperature. Clinker 
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Fig. 62. Average Monthly Boiler Efficiencies. Colfax Station. 


forms in thick fuel beds because the reduced air supply through the grates 
permits the ash to become hcat(id and because the heating is partly done 
in a reducing atmosphere of CO. 

Under the usual natural-draft operating conditions in stationary plants 
equipped with hand-fired stationary grates and burning soft coal, there is 
no reason why fires should be carried thicker than 8 in. and with some coal 
even an 8-in. fire is too thick. If the coal is coarse and contains only a 
small portion of fine coal, the thickness of the fuel bed may be near 8 in.; 
but if the coal is mostly small pieces and slack, better results are obtained 
with the thickness of the fuel bed near 4 in.” 

With chain-grate stokers, the depth of fuel bed in average practice 
ranges from 4 to 12 in. depending upon the draft, nature of the fuel, and 
speed of the grate. With underfeed stokers the depth may range from 10 
in. to 2 ft. Because of the increased agitation of the fuel bed at heavy 
ratings, the resistance through the fuel of an underfeed stoker may be 
less at maximum load than at somewhat lower loads. See Fig. 239. As 
previously stated, the most economical thickness of fire can be determined 
only by actual test of each installation. Some idea of the influence of 
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thickness of fire on the efBcicncy and capacity in specific cases may be 
gained from the curves in Fig, 62. 

81 . Pressure Drop through BoUers. — The resistance encountered by 
the gaseous products of combustion in passing through the boiler results 
in a pressure drop or “ draft loss/' which varies greatly with the type and 
size of boiler, arrangement of gas baffles, number of gas passes, design of 
superheater, atnount of air used per lb. of fuel, and the rate at which the 
boiler is operating. For a given equipment, the pressure drop from fur- 
nace to uptake varies approximately with the square of the velocity of 
flow. 

The vertical passes in any boiler act as -himncys and are capable of 
furnishing a draft pressure in much the same manner as the chimney 
proper. The greater the length of the vertical passc's the greater will be 
the “ chimney action." The pressuni difference due to the chimney 
action may decrease or increase the draft of the stack, depending upon the 



direction of flow of the gases. If the flow is upward, the vertical pass 
acts as an additional height of stack; if downward, it tends to retard the 
flow. Thus, in the Wickes boiler. Fig. 43, the vertical path of the gases 
through the boiler itself causes considerable chimney action. At low 
rating the pressure at C may be atmospheric or even slightly above, 
although the draft in the combustion chamber B may be 0.10 in. of water 
below that of the atmosphere. This means that the boiler itself furnishes 
sufficient chimney action to operate the boiler at this load. Similarly, 
the draft at D may be higher than at C because of the negative chimney 
action and resistance combined. The difference in temperature of the 
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gases, due to the cooling action of the heating surface, must of 
course be considered in calculating the chimney action. In practically 
all boilers, the chimney action of the vertical passes influences the pressure 
drop throughout the setting, and the effect is more marked when the rate 
of flow is loWi 


TABLE 30 

AVERAGE PRESSURE DROP THROUGH BOILERS 

Boilers Operating at Rating 

(Frank A.ChamberH) 


Type 

B 

Type 

A 

Atlas (Horizontal Pass) 

75 

Heine (2 Pass Horizontal) 

65 

Atlas (Vertical Pass) 

60 

Keeler (Vertical Pass) 

51 

B. & W. (Vertical Pass) 

50 

Keeler (Horizontal Pass) 

55 

B.& W. (SewallPass) 

65 

Oil City (Vertical Pass) 

60 

B. & W. (Horizontal Pass) 

60 

Page 

55 

Cahall (Vertical) 

65 

Return Tubular 

45 

Edge Moor (4 Pass Vertical) 

64 

Scotch Marine 

65 

Edge Moor (3 Pass Vertical) 

55 

Stirling (5 Pass) 

81 

Edge Moor (Horizontal Pass) . . . 

60 

Stirling (4 Pass) 

75 

Erie City (Vertical) 

60 

Stirling (3 Pass) 

65 

Erie City (Horizontal) 

60 

Wickes (Vertical) 

58 


A = Pressure drop through boiler, per cent of total draft at stack side of damper. 
This factor applies only to hand-fired furnaces burning about 25 lb. Illinois coal per 
sq. ft. of grate surface per hr. 


Because of the great variation in the size and design of boilers, the 
variety of baffle arrangement, and the wide range in operating conditions, 
it is impossible to establish rules for draft losses which can be of general 
application, and it is advisable to obtain specific data from the manu- 
facturers. The values in Table 30 arc based upon the investigations of 
Frank Chambers, Deputy Smoke Inspector of the Department of Health, 
Chicago, Illinois, and give some idea of the draft losses through hand- 
fired boilers operating at rated capacities when burning bituminous coal 
at approximately 25 lb. per sq. ft. of grate surface per hr. 

The curves in Fig. 63 show how the draft losses vary with different 
types of boilers at various ratings when burning bituminous coal, heating 
value 12,500 B.t.u., with 100 per cent air excess. The curves are applic- 
able ohly to the specific cases analyzed, but may be used as rough ap- 
proximations for preliminary calculations. 

The draft loss with forced-draft chain grate and underfeed stokers is 
roughly 20 per cent less than that given in the curves of Fig. 63, and with 
oil fuel about 25 per cent less. With blast-furnace gas, the draft loss is 
about 15 per cent greater than that given in the curves. 
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81?. Flue-gas Temperatures. — The sensible heat carried away by the 
flue gas is usually the greatest loss in the generation of steam. The 
greater the extent of heat-absorbing surfaces for a given weight of gas, 
the lower will be the loss. In the ordinary boiler without preheating or 
economizer surface, the minimum theoretical temperature of the flue gas 
is that corresponding to 
the temperature of the ^ 
steam. With preheaters 
or economizers the mini- q ^ ^ ^voo 
mum theoretical tern- |iioo gasoc 
pcrature is that corre- 1 900 ^ 2300 
spending to the lowest | 
temperature of the heat- | ^ 
absorbing fluid. While « 

it is- a comparatively » w loo “»»«»«• 

simple matter to a.dd -pia. 64. Influence of Rate of Driving on Boiler and 
sufficient heat-absorbing Furnace Temperatures, 

surface to reduce the 

flue-gas temperature to nearly the theoretical limit, such a procedure 
is not warranted by the present cost of fuel. Fixed charges and oper- 
ating and maintenance costs more than offset the gain. The heating 



240 260 280 SQO 


Fig. 64. Influence of Rate of Driving on Boiler and 
Furnace Temperatures. 


A 20 HiKh 3 Pass Vertical Baffle 

B-^4 -i—l — Jdo 

C 12 I l<lo 
— StirlingH — — I ' 
__|2JHighL 8 l ^asa Horizont al Bafflo 
D 9 High, 13 Pass Vertical Bi^el 



200 260 
Per Cent of Boiler Bating 


Fig. 65. Influence of Rate of Driving Flue Gas Temperatures. 


surface in the modem, boiler without preheating element or econo- 
mizer is usually proportioned and baffled so that the exit temperature 
of the flue gas at boiler rating is from 25 to 100 deg. fahr., above that of 
the saturated steam. 

Flue-gas temperatures are functions of the composition of the fuel, 
air excess, rate of driving, arrangement of baffles, extent of heating sur- 
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face exposed to direct radiation, cleanliness of the heating surfaces, and 
design of boiler, superheater, and furnace. Some idea of the temperature 
ranges in various parts of the setting of a modem stoker-fired furnace 
may be gained from the curves in Fig. 04. The curves in Fig. 65 are only 
approximate and should not be used for purpose of design. Specific data 
for any set of operating conditions may be had from boiler manufacturers. 
For a given boiler and furnace equipment and rating, flue-gas temperatures 
are generally lower with oil and gaseous fuels than with solid fuels because 
of the smaller air excess, and for the same reason mechanical stokers give 
lower temperatures than hand-firing. Flue-gas temperatures for a number 
of specific cases are given in Figs. 54, 55 and 58. 

83 . Economical Loads. — The most economical rating at which a boiler 
plant can be run depends primarily upon the load to be carried by that 
individual plant and the nature of such load. The most economical load 
from a commercial standpoint is not necessarily the most eflScient load 
thermally, since first cost, cost of upkeep, labor, cost of fuel, capacity, 
and the like must all be considered along with the thermal efficiency. The 
controlling factor in the cost of the plant, that is, the number of boiler 
units that must be installed, regardless of the nature of the load, is the 
capacity to carry the maximum peak loads. While each individual set 
of plant operating conditions must be considered by itself, the following 
statements give some idea of general practice: 

For a constant 24-hr. load, the operating capacity, to give the highest 
overall plant economy, is from 100 to 200 per cent above that incident to 
maximum thermal efficiency. 

For the more or less constant 10- or 12-hr. a day load, where the boilers 
are placed on bank at night, the point of maximum economy will be 
somewhat higher, probably from 150 to 350 per cent above that incident 
to maximum thermal efficiency. 

The third class of load is the variable 24-hr. load found in central station 
work. 

Modem methods of handling loads of this description, to give the best 
operating results under different conditions of installation, are as follows: 

1. The load on the plant at any time is carried by the minimum number 
of boilers that will supply the power necessary, operating these boilers at 
capacities of 350 to 550 per cent or more of their normal rating. Such 
boilers as are in service are operated continuously at these capacities, the 
variation in load being cared for by varying the number of boilers on the 
line, starting up boilers from a banked condition during peak load periods 
and banking them after such periods. This is, perhaps, at present the 
most general method of central station operation, 
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2. The variation in the load on the plant is handled by varying the 
capacities at which a given number of boilers are run. At low plant 
loads, the boilers are operated somewhat below their normal rating, and 
during peak loads, at their maximum capacity. The ability of the modern 
boiler to operate over wide ranges of capacities without appreciable loss 
in eflSciency has made such a method practicable. 

3. The third method of handling the modem central station load is, 
perhaps, only practicable in large stations or groups of inter-connected 
stations. Under this method, the plant is divided into two parts. What 
may be considered the constant load of the system is carried by one 
portion of the plant, operating at its point of maximum economy. Due 
to the possibility of very high overall efBciencies at high boiler capacities 
where the load is constant, where the grate and combustion chamber are 
designed for a point of maximum economy at such capacities, and where 
there-are installed economizers and such apparatus as will tend to increase 
the efficiency, the capacity at which this portion of the plant is to-day 
operated will be considerably above the point of highest economy for 
the steady 24-hr. load for boilci-s without economizers. 


Boiler Bating - PerCeni 

100 150 200 250 SOO S60 400 



The variable portion of the load on a plant so operated is carried by 
the sec(Hid division of the plant, under either of the methods of operation 
just given. 

The problem involved in deciding whether to force boilers over the peak 
or bank additional boilers may be analyzed as follows: Suppose the 
curves in Fig. 66 are representative of the performance of the boilers in a 
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large central station and it is desired to establish a general relationship 
between economical forcing and banking hours. An inspection of the 
curves in Fig. 66 shows that the maximum thermal efficiency is at a steam- 
ing rate of 65,000 lb. per hr., corresponding to 100 per cent rating. Sup- 
pose, however, that a steaming rate of 70,000 lb. per hr., corresponding 
to 175 per cent rating, has been demonstrated to be the most economical 
and practical for operation through the day. (This point can be deter- 
mined only by actual operation, taking into consideration first cost, at- 
tendance and maintenance as well as thermal efficiency.) By forcing the 
boilers over the peak to a higher rate, the plant may be run with fewer 
boilers banked while operating on the day and night loads, thus saving 



Fig. 67. Curve Showing Extra Coal Burned for Forcing and Banking. 

banking losses, but this gain is offset to a certain extent by the extra 
amount of fuel required to maintain the higher ratings. Evidently, 
there is a point at which the loss due to the extra fuel burned by forcing 
is equal to that gained in reducing the banking period. Referring to 
Fig. 66, the line A A represents the amount of fuel burned at various 
steaming rates on the supposition that the rate of fuel consumption at 
175 per cent boiler rating is maintained throughout the entire range of 
operation. The difference between the actual fuel consumption line 
and the line A A represents the extra amount of fuel burned at any par- 
ticular load. Thus at 350 per cent rating the coal burned is 17,500 lb, 
per hr. as against 14,300 lb. per hr. for two boilers operating at 175 per 
cent rating, a difference of 3200 lb. per hr. 

The diagonal lines in Fig. 67 represent the loss in pounds of coal caused 
by forcing different combinations of boilers above 175 per cent rating in 
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order to carry the same load as this combination plus one more boiler, 
all boilers in the latter combination operating at 175 per cent rating. 
Thus, one boiler at 350 per cent rating generates the same quantity of 
steam as two boilers at 175 per cent rating and burns 3200 lb. per hr. 
more coal than the latter combination; two boilers at 262.5 per cent 
rating have the same capacity as three boilers at 175 per cent and burn 
1550 lb. per hr. more coal than the latter combination; three boilers at 
233.3 per cent have the same steaming capacity as four boilers at 175 
per cent and burn 1137 lb. per hr. more coal than the latter combination; 
and so on. Line BB, Fig. 67, represents the weight of banking coal burned 
by one boiler for the period indicated and is based on the assumption 
that the coal burned in bank- 
ing is at the rate of 200 lb. 
per hr. The intersection of 
the forcing^’ line with the 

banking line is the point 
at which the extra coal for 
forcing is equal to that 
burned in banking. The 
curve in Fig. 68 is obtained 
by plotting the hours, as 
found from the point of inter- 
section, Fig. 67, against the 
steaming rate or per cent boiler 
rating. This curve shows the limit of forcing beyond which the losses 
are greater than the gains. For example, the boilers should not be oper- 
ated above 350 per cent rating for more than 1.4 hr., or above 300 per 
cent rating for 2 hr., and so on. No provision has been made for furnace 
maintenance, which at very high ratings may be excessive. This may 
be included by allowing an additional weight of fuel for forcing to com- 
pensate for the extra cost of maintenance. The curve in Fig. 68 is not 
general and is applicable only to the specific case under consideration; 
the method, however, is general. 

Present Day Boiler Room Operation: I. E. Moultrop and R. E. Dillon, Power, Mar. 
7, 1922, p. 384. ' 

Refinements of Practice in Modern Power Plants: I. L. Kentish-Rankin. Power 
Plant Engineering, Oct. 15, 1921, p. 988. 

Efficient Operation of the Boiler Plant: J. D. Morgan, Power, June 15, 1920, p. 957. 

Development of Power from the Standpoint of the Boiler Room: C. F. Hirshfeld, Power, 
Aug. 20, 1918, p. 284. 

84. Selection of Type. — Boilers constructed by builders of good repute 
are usually designed for safety, durability, and capacity, and rigid 
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specifications and inspection of material and workmanship on the part 
of the purchaser are ordinarily not necessary, as the makers’ reputa- 
tions are sufficient guarantee of their worth. Marked departure from 
standard designs must necessarily be specified, and must comply with 
the state and community boiler laws and insurance requirements; but 
in most cases instructions are limited to the working pressure, extent of 
heating and grate surface, the character of the furnace, and arrangement 
of setting. Numerous tests on various types of boilers show practically 
the same efficiency provided the furnaces and boilers are properly designed, 
so that the relative merits may be considered with reference to (1) dura- 
bility; (2) accessibility for repairs; (3) facility for cleaning and inspection; 
(4) space requirements; (5) adaptability to the type of furnace and stoker 
desired; (6) overload capacity; and (7) cost of boiler and setting. For 
rated capacities above 200 hp. and pressures above 150 lb. per sq. in. or 
more, the water-tube or some form of internally fired boiler in which the 
shell plates are not exposed to the high temperature of the furnace is 
considered safer than the horizontal tubular boiler, because the shell 
plates and the seams of the latter must be of considerable thickness in 
the larger units, and being exposed to the hottest part of the fire are 
likely to give trouble, especially if the water contains scale or sediment- 
forming elements. In the modern central station, steam pressures of 
350 to 550 lb. per sq. in. are standard practice. In a few recent installa- 
tions, a pressure of 800 lb. has been specified, and at least two plants are 
operating with pressures of 1200 lb. and 1350 lb., respectively. (See para- 
graphs 183 and 214 for a discussion of high pressures.) Return-tubular 
and stationary locomotive boilers are seldom made in sizes over 250 hp. 
and hence are not to be considered for large units. For sizes under 200 hp. 
(78-in. by 20-ft.), the return-tubular boiler is most commonly installed, 
unless high pressure and low head-room is essential, in which case the 
internally fired Scotch-marine boiler or a cross-drum type of water-tube 
boiler, such as the Page, is used. The water-tube boiler is usually em- 
ployed in large central stations for high-pressure units of 200 to 5000 hp. 

The particular type of water-tube boiler is to some extent a matter of 
personal taste on the part of the engineer, but due consideration should 
be given to the special requirements as listed above. For small powers 
and for intermittent operation, small vertical or horizontal fire-box boilers 
have the advantage of low first cost. The small air leakage and radiation 
losses give internally-fired boilers an advantage over the brick-set ex- 
ternally-fired fire-tube or water-tube types, but this is partly offset by 
the greater extent of regenerative surface in the setting of the latter. In 
several recent installations, the brick settings are completely encased in 
steel, and a layer of high-grade insulating material is placed between the 
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brickwork and the casing. This reduces the leakage and radiation losses 
to a minimum, and the setting remains effective over a long period of time. 
Internally-fired boilers are more expensive than the externally fired, 
though the extra cost of setting and foundation in the latter may bring 
the total cost of the entire equipment to practically the same figure. 
Internally-fired boilers above 300 hp. rated capacity are not much in 
evidence in stationary plants. The design and installation of the boilers 
and furnaces should be left at the outset to a capable engineer. 

Makers usually request the following information from intending 
purchasers: 

1. The kind of fuel to be burned. 

2. The type of furnace or stoker. 

3. Head room. 

4. Steam pressure and superheat desired. 

5. " The quantity of steam demanded. 

6. The nature and intensity of draft. 

7. Quality of feedwatcjr. 

8. Class of labor procurable. 

9. Characteristic load of plant. 

85. Selection of Size. — The most economical size of individual boiler 
units for any plant is dependent primarily upon the maximum steam 
requirements and character of the load. 1''he load curve for manufactur- 
ing plants may be predetermined with a fair degree of accuracy, since 
the power and steam demands for various purposes may be readily segre- 
gated and analyzed; but with public utility concerns and certain classes 
of isolated stations the problem is larg(dy a matter of experience and 
judgment. The load curve should include not only the average yearly 
load, but also the maximum daily load which is likely to occur, the mini- 
mum daily load, temporary peak loads, and probable future increase. 
In most cases the general characteristics of the load curves are based 
upon those of similar plants having comparable conditions of operation, 
and the magnitude of the load is calculated from the power and steam 
requirements of the particular plant under analysis. As water rates of 
prime movers and various auxiliaries may be obtained from the manu- 
facturers, the steam consumption at various loads may be readily calcu- 
lated from the assumed load characteristics. 

With the steam requirements known, the next step is the determination 
of the number and size of boiler units to be installed. In the first place, 
all boilers in a plant should be of the same size and type if possible, to 
insure uniformity of equipment and operating methods. Thermal ef- 
ficiencies are usually higher, labor costs lower, and first cost of the entyje 
boiler equipment less for a few large boiler units than for a number of 
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small units of the same total capacity; therefore, the units should be of 
the largest possible size compatible with the size of the plant and operat- 
ing conditions, and the total steam requirements should be divided among 
such a number as will give proper flexibility of load and insurance against 
interruption of service. As all boilers have to be shut down at times to 
allow for cleaning and repairs, standby units or “ spares ” are usually 
necessary to carry the load when the others are out of service. 

In the average plant of, say, 500 to 2500 hp. with fairly good fuel and 
feedwater, three boilers are ordinarily installed, two to carry the load 
and one to stand in reserve; but where frequent cleaning is necessary 
and continuity of operation is essential, two spares may prove to be the 
better investment. In large central stations, the boiler plant is usually 
laid out on the unit or panel system, each panel serving one prime mover. 
In the older designs, each panel has 6 to 10 boilers, including spares, even 
though the sections are cross connected; but in the very latest designs 
there are but two or three boilers per turbine unit and there arc no spares. 
Some attention has been given to the one-turbine one-boiler idea, with a 
view toward simplifying plant and piping design and reducing boiler-room 
labor, but as yet no such installation has been made in large central 
stations. 

The most economical size and number for an assumed set of operating 
conditions can be determined only by considering the various influencing 
factors, such as load characteristics of the individual boiler units them- 
selves, first cost, maintenance, and nature of thq total plant load. High 
peak loads of short duration usually warrant the installation of a few 
units with heavy overload characteristics, while uniform loads are handled 
more economically with a large number of units operating near their 
point of maximum thermal efiiciency. It should be borne in mind that 
extremely high boiler ratings are obtainable only with the best of furnace 
constructions j scale-free feedwater and first class supervision, and since these 
conditions are seldom found in any but the largest plants, it is better, as a 
general rule, to err in installing too many units than in attempting to operate 
a smaller number of undersized units at continuous overloads, A study of a 
number of the latest installations shows that fewer boilers are being in- 
stalled than formerly for the same conditions, owing to better furnace 
construction, improved methods of handling fuel, and provisions for 
feedwater purification. Because of the great number of variables enter- 
ing into the problem of determining the number and size of boiler units 
for a given maximum capacity, general rules are without purpose except 
for very rough approximations. In central station practice of a decade 
ago, boiler units of more than 10,000 sq. ft. of heating surface each were 
exceptional, and the ratios of water-heating surface to kilowatts of rated 
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generator capacity ranged from 3 to 1, to 5 to 1; but, in the very latest 
designs, individual boiler units of less than 15,000 sq. ft. of heating surface 
are seldom installed, and the ratios of water-heating surface to kilowatts 
of installed generator capacity range from 1.2 to 1, to 2.5 to 1. 

86. Boiler Accessories. — All steam boilers must be protected by safety 
and relief valves, and by such indicating and controlling devices as 
will insure their safe operation. Such devices, including appliances or 
fittings which are either intimately connected with 

the boiler structure or with the work of boiler opera- 
tion and maintenance, are commonly designated as 
boiler accessories. The design and installalion of the f ' | : 

more important safety devices are controlled by law and 111 
insurance requirements. Considering the fact that the I I 
A.S.M.E. Boiler Code has already been adopted by a I 
number of states and no doubt will eventually supersede J . J ^ \ 

all others, except perhaps those under federal control, D’iSi- 

only the devices and installations recommended by the 
Code will be discussed. 

Safety Valves. See paragraph 316. ^WatefcoW^^ 

87. Water Gages. — The water level in a boiler is 

usually indicated either by a gage glass, by try cocks, or both, connected 
directly to the boiler as in Fig. 1 , or to a water column 

I or combination as in Fig. 69. Water gages and water 
columns should be so located that the normal water 
level is near the center of the gage or column. The 
upper try cock should be located at the highest per- 
missible water level and the lower one at the lowest 
level, and the position of the middle cock should corre- 
spond to normal water level. In the simple water 
column illustrated in Fig. 69, the gage glass connec- 
tions are fitted with simple stop valves for shutting 
off the steam or water in case the glass is broken. 
In high boilers the water-gage valves are usually of 
the quick-closing type, Fig. 70, which may be operated 

• 1 rii from the boiler room level by means of a chain at- 
JbiG. 70. (^uickOlos- 1 • 1 1 M 

ing Water Gage Cached to the valve stem. Try cocks for high boilers 

Valves. are similarly operated by chains and are automatic 

in closing (sec Fig. 71). Certain types of automatic 
water-gage valves for automatically cutting off the water or steam supply 
when the gage glass breaks are permitted by the A.S.M.E. Code, but 
their use is not common. Water columns fitted with hand-operated 
drain cocks should be ‘‘ blown out periodically to remove any sedi- 
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Fig. 71. Self-closirig Gage Cock. 


mental deposits. By connecting the drain opening directly with lower 
column connection, the drain cock may be dispensed with and sediment 
will not lodge in the bottom of the glass. This system of drainage is a 
common practice. Water columns are frequently fitted with float-con- 

trolled whistles, as illustrated in Fig. 
72. These alarms automatically give 
a warning signal when the water 
® level is too high or too low. In- 

stead of a whistle, the floats may 
actuate an electric circuit which in 
turn may light a lamp, ring a bell or 
buzzer, or record the time of opening 
on a chart. Water columns are usually connected to the boiler without shut- 
off valves, but if such valves arc used the A.S.M.E. 

Code prescribes that “they shall be cither outside- 
screw and yoke-gate valves (see paragraph 310), or* 
stop cocks which have levers permanently fastened 
thereto, and such valves or cocks shall be locked 
or sealed open” For a description of the gage glass 
and other boiler accessories used on the 1200-lb. 
boiler at Lakeside station see Power Plant Engrg., 

Dec. 1, 1927, p. 1251. 

88. Fusible or Safety Plugs. — Fusible or safety 
plugs, as illustrated in Fig. 73, are brass plugs 
provided with a fusible metal core. They are in- 
serted in the shell or tubes at the lowest permissible 
water line. When they are covered by water the 
heat is conducted away sufficiently fast to keep the 
temperature below the fusing point, but when they 

Water 

are uncovered the low conductivity of the steam 
prevents the rapid withdrawal of heat, whereupon 
the alloy melts and the blast of escaping steam gives 
warning. The melting point of fusible metals being sometimes uncertain, 

plugs occasionally 
/ oajeid^iSj-peB , without ap- 
parent cause and at 
other times fail to act 
when shell is over- 

PiG. 73. Types of Fusible Plugs. heated. Fusible plugs 

may be attached di- 
rectly to the boiler heating surface or in a fitting attached to the boiler, 
BO that the flow of water or steam may be shut off when the plug melts. 



Combined 
Column and 
High and Low Water 
Alarm. 
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The A.S.M.E. Code considers only the directly attached plugs and recom- 
mends where they should be inserted in the various types of boilers. 

89. Blow-offs. — Boilers must be provided with blow-off pipes for 
draining off the water and for discharging sediment and scale-forming 
material. The “ bottom blow ’’ is ordinarily an extra heavy pipe of 
suitable diameter connected to the mud drum or to the lowest part of the 



Fig. 74. Blow-off Tank and Fig. 75. Snrfaco Blow. 

Connections. 


boiler and fitted with two valves or cocks, or a valve and cock (see para- 
graph 315). The generally approved method of arranging the blow-off 
pipe for a return-tubular boiler is shown in Fig. 117. This method of pro- 


tecting the pipe from the direct 
action of the heated gases by 
means of a V-shaped brick pier 
permits easy examinations of 
the blow-off through the clean- 
ing door in the rear wall of 
the setting. Whore boilers are 
arranged in batteries, the bat- 
tery may have a common 
outlet for the blow-off pipes. 
The blow-off pipes are fre- 
quently discharged into the 
open air, but this is not per- 
missible in large cities, nor is 



it lawful to blow directly into the sewer. In this case, the water and 
sediment may be discharged into a blow-off tank, Fig. 74, and permitted 


to cool before delivery to the sewer. 


Surface blows are occasionally installed to remove scum, grease, and 
floating or suspended particles of dirt in small plants where the water is 
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particularly bad. The bell-mouthed shape shown in Fig. 75 permits 
the skimmer to accommodate itself to varying water levels. Skimmers are 
sometimes provided with a flexible jointed float, Fig. 76. 

90. Damper Regulators. — In hand-fired natural-draft furnaces, the 
amount of air admitted to the furnace and amount of flue gas passing to 
the stack is usually controlled by the boiler or stack damper. This 
control may be manual or automatic. There are countless automatic 

^ damper regulators on the market, and practically all low- 

pressure heating boilers are equipped with such ap- 
■— p— pliances. In high-pressure installations, however, manual 
control is the more common and automatic control the 
lip exception. The majority of damper regulators for hand- 

I fired, natural-draft boilers depend upon variation in steam 

0-^0 pressure as the primary control. The difference in pres- 

sure may act directly upon a steam piston to which the 
^ j damper is connected by suitable linkage, or it may 

I actuate a relay system so that the movement of the 

B-0 damper is effected by compressed air, by water under 

B pressure, or by an electric motor. Low-pressure regu- 

j lators consist usually of a flat or sylphon diaphragm 

Fia. 77. Typical with direct boiler pressure on one side and the damper 
Steam-actuated linkage on the other. High-pressure regulators are 

Damper Regu- either of the direct-pressure type or of the relay 
“••tor. 

type. 

Figure 77 shows a section through the simplest form of the high-pressure 
direct-steam-actuated type. The device is connected directly to the 
boiler by pipe A, The pressure on piston B is balanced by spring C 
under normal conditions of operation. 

Any variation from the normal steam ^ ri— -a 

pressure will cause the rod R to move 1 

up or down so that the damper is | j a 

, ... . *^ . ® /III Water Sapply '' 

opened or closed m proportion to the ^ — 

change in pressure. The chamber N IS/ 

is separate from chamber M so that I; ^ , 

steam cannot come into contact with Hydraulic Damper 

the spnng. Piston D acts as a guide 

and prevents sudden movements of the main actuating piston. 

Figure 78 illustrates a typical mechanism of the indirect type. Full 
boiler pressure acting at all times on the diaphragm A raises or lowers a 
weight W attached to arm D according to the increase or decrease of 


Typical Hydraulic Damper 
Regulator. 


pressure. Arm D actuates a small valve 7, which controls a supply of 
water under pressure to chamber B. The water pressure acts on the 
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diaphragm in chamber B, which in turn moves the damper through the 
agency of weighed lever E, 

Dampers similar to those just described are satisfactory where there 
are no sudden variations in steam pressure, but, where such changes 
occur, the damper is apt to be shifted from ‘'wide open” to “shut,” 
resulting in a continued “ hunting ” action between fluctuation in steam 
pressure and damper movement. In the latest designs this hunting 
action is avoided by moving the damper in graduated steps and by effect- 
ing a delayed action between each step. Among the latter may be men- 
tioned the McDonaugh, Ruggles-IQingemann and the National. When 
correctly adjusted and given proper attention, automatic dampers of the 
graduated-step type result in satisfactory fuel savings over hand control. 

In the modem stoker-fired plants with natural or induced draft, the 
movement of the damper is coordinated with the control of the stoker 
and' fan engines. See paragraph 161. 

91. Soot Blowers, Tube Cleaners, etc. — Aside from the assurance against 
burning out of tubes due to the accumulation of scale, the maintenance 
of clean heating surfaces is one of the most important problems in com 
nection with recent developments toward higher boiler ratings and in 
the operation of largo boiler units. Efficiency and capacity depend to a 
greater extent upon cleanliness (both internal and cxt(umal) of the heat- 
ing surfaces than is ordinarily realized. Soot is an excellent heat-insulat- 
ing material, and consequently any appreciable deposit on the heating 
surfaces will reduce the rate of heat absorption and result in high flue- 
gas temperatures. The gain effected in economy and capacity by the re- 
moval of soot varies with depth, extent, and nature of the deposit and 
with the rate of driving. No modern plant is operated without periodic- 
ally removing this deposit. 

Surfaces exposed to the action of the products of combustion arc cus- 
tomarily freed from soot and clinkers by steam lances, soot blowers in- 
corporated within the setting, brushes, scrapers, and similar appliances. 
Light, flocculent soot is conveniently removed at regular intervals by means 
of a hand-operated steam lance with which all surfaces are reached and 
swept clean. Under certain conditions more economical results are ob- 
tained by permanently installed soot blowers. (See Figs. 79 and 80.) 
These consist of a series of pipes and nozzles, the latter stationary or re- 
volving, located so that all parts of the heating surface subjected to soot 
deposit may be swept with a jet of steam. In the older designs, individual 
hand-controlled valves are placed in the pipe bran^ches leading to the 
blower element; in some of the more recent designs the valves are in- 
corporated in the head of the element so that manipulation of the chain 
opens and closes the valves. Electric control and electric operation of 
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Fiq. 80. Soot Blower — Individual Braneh Pipe Control 
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the individual heads by means of small motors is also in evidence in some 
of our latest stations. A soot blower is considerably superior to a hand 
lance from a safety standpoint. For steam consumption of soot blowers, 
see paragraph 60. With certain grades of coal under heavy furnace 
capacity, the particles of ash and slag carried along with the products of 
combustion are in a plastic state and adhere to the two or three lower 
tubes. The accumulation may eventually result in a complete choking 
up of the gas passages. Blowing by hand lances and machine blowing 
devices will not remove the accumulation, and dislodging the deposit 
with pokers, after the furnace has been partially cooled, appears to be 
the only practical solution of the problem. 

The question of preventing the formation of scale by purification of 
the feedwater and the loss in heat transmission due to scale deposit is 
treated at length in Chapter XIII. In the average plant, furnished 
with' commercially good feedwater, it is a common practice to allow 
scale to deposit for a limited period of time and then remove it mechanic- 
ally by tube cleaners and scrapers. The principles of construction of 
these devices vary widely according to the typos of borers in which they 
are used, and depend upon the nature of the duty which they must per- 
form. Mechanical tube cleaners may be conveniently divided into two 
classes: 

1. Those which loosen the scale by a scries of rapid hammer blows. 
Fig. 81. 


E 



Fig. 81. Mechanical Tube Cleaner — Hammer Type. 


2. Those which cut out the scale by a revolving tool, Fig. 82. 

The hammer device is applicable to either the water or fire-tube type 
of boiler, but the revolving cutter is designed primarily for water tubes. 
Compressed air, water under pressure, or steam may be used as the motive 
power for turbine cleaners, and steam or air for hammer cleaners. Water 
is ordinarily the most convenient for the turbine type, but air increases 
the capacity of the cutter and is finding favor with many engineers. 

Referring to Fig. 81, the hammer head J is given a rapid motion, which 
niay reach 1600 vibrations per minute, and subjects the tube to repeated 
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lUar Bashing Cap for Removing 
\ Htjar Bushing 


shocks, thereby cracking the brittle scale and jarring it loose from the 
water surface of the tube. The cleaner head is attached to a flexible 
pipe of sufficient length to enable it to be pushed from one end to the 
other. Unless carefully manipulated, the hammer is apt to injure the 
tube by swaging it to a larger diameter and the vibrations may cause 
leaks where the tubes are expanded into the tube sheets. 

Turbine cutters are made in many designs, one of which is shown in 
Fig. 82. The particular device illustrated in Fig. 82 is of the steam or air 

driven type. A high speed 
of rotation is imparted to the 
cutter head by a small paddle 
wheel or turbine located as 
indicated. The cutters chip 
the scale into small pieces, and 
the stream of air flowing from 
the turbine envelops the cut- 
ters, keeps their edges cool, 
and washes away the scale as fast as it is detached. Different styles of 
cutter wheels are furnished with each cleaner so as to adapt the device 
to all kinds of scale formations. In well managed plants using raw 
feedwater, scale is not permitted to deposit to a thickness greater than 
1/32 to 1/16 of an inch. Small-sized tube cleaners for superheaters are 
frequently operated by compressed air. 

Soot Removal from Fire-tube Boilers: Power, Aug. 27, 1918, p. 305. 

Economies of Mechanical Soot Blowers: Report No. 267-33, N.E.L.A., Apr., 1927 



_ DUc 
Rotor and Ceater Shaft 


“ Finishing Cutteraxnude 

rSetra'pu' 

Fig. 82. Mechanical Tube Cleaner — Cutter 
Type. 


PROBLEMS 

1 . Given: initial pressure 115 lb. abs.; barometer 29.92 in.; quality 98 per cent; 
feedwater, 82 deg. fahr. Required b. hp. necessary to furnish a 50-hp. engine with 
steam; engine uses 45 lb. per i.hp.-hr. 

2. A 30,000-kw. steam turbine and auxiliaries require 12 lb. steam per kw.-hr. at 
rated load; initial pressure 260 lb. abs.; superheat 250 deg. fahr.; feedwater 180 deg. 
fahr. Required the b. hp. necessary to furnish the turbine and auxiliaries with steam. 
If the boilers are operated at 250 per cent rating when supplying the turbine and auxil- 
iaries, required the ratio of kw. turbine rating to b. hp. rating. 

3 . A boiler evaporates 90,000 lb. of water per hr. from a feed temperature of 210 
deg. fahr. to steam at 300 lb. absolute pressure and 200 deg. superheat. If the boiler is 
being forced to 200 per cent rating when evaporating this amount of water, required the 
extent of heating surface, assuming that the normal rating corresponds to an evapo- 
ration of 3.45 lb. water from and ^ 212 deg. fahr. per sq. ft. of heating surface. Al- 
lowing 10 sq. ft. of heating surface per rated b. hp., required the boiler rating. 

4 . Determine the factor of evaporation for Problems 1 and 2. 

6. The following data were taken from a boiler test: 

Heating surface, 8000 sq. ft.; grate surface, 160 sq. ft.; furnace voL, 1600 cu. ft. 
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Coal analysis (as fired): moisture 8 per cent; ash 12 per cent; B.t.u. per lb. 12,100. 
Weight per hr.; water fed to boiler, 32,000 lb.; coal 4000 lb.; dry refuse removed 
from ashpit, 720 lb. 

Temperatures: flue gas, 480 deg. fahr.; feedwater, 160 deg. fahr.; boiler room, 80 
deg. fahr.; relative humidity, 50 per cent. 

Pressures: steam pressure, 125-lb. gage; barometer, 29.0 in., superheat, 100 deg. fahr. 
Required: 

а. Factor of evaporation. * 

б. B. hp. developed. 

c. Per cent of builder’s rating developed (builder’s rating = 10 sq. ft. of heating 
surface per b. hp. 

d. Evaporation lb. per lb. of coal as fired: 

(1) Actual 

(2) Equivalent 

6. Evaporation lb. per lb. of dry coal: 

(1) Actual 
' (2) Equivalent 

/. Evaporation lb. per lb. of combustible: 

(1) Actual 

(2) Equivalent 

(/. Equivalent evaporation lb. pen lb. of combustible burned. 

L Evaporation lb. per sq. ft. of heating surface. 

(1) Actual 

(2) Equivalent 

(3) No. of 1000 B.t.u. absorbed per hr. per sq. ft. of heating surface. 

i. Combustion space per lb. coal as fired per hr., cu. ft. 

j. Heat value of the combustible as fired, B.t.u. per lb. 
fc. Heat value of the combustible as burned. 

l. Efficiency of the boiler, furnace, superheater, and grate, per cent. 

m. Efficiency on the combustible basis, per cent. 

6. The following additional data were taken during the test outlined in Problem 6: 
flue-gas analysis, per cent by volume: CO 2 , 14.19; CO, 1.42; O, 3.54; N, 80.85; 
heat value of combustible in refuse, 13,500 B.t.u. per lb. 

Ultimate analysis of coal as fired, per cent by weight: 

Carbon 66, hydrogen 5, nitrogen 1, oxygen 8, moisture 8, ash 12. 

Calculate on the coal as fired basis: 

(1) Complete heat balance. 

(2) Inherent losses. 

(3) Per cent of available heat utilized. 

7. If the fuel, analysis as in Problem 6, cost $6.00 per ton, determine the fuel cost 
of evaporating 1000 lb. water from and at 212 deg. fahr. 

8 . A test of an oil-fired furnace gave an actual evaporation of 13 lb. water per lb. 
of oil with boiler, furnace, and superheater efficiency of 80 per cent; boiler pressure 200 
lb. abs., superheat 100 deg. fahr., feedwater temperature 162 deg. fahr. Inquired the 
heating value of the fuel. 



CHAPTER V 
SUPERHEATERS 


92. Advantages of Superheating. — That superheated steam results in 
ultimate plant economy is evidenced by the fact that the largest and most 
economical plants in the world are equipped with superheaters. • A limited 
amount of superheat can be used with practically any equipment, and it 
effects ultimate economy in nearly all cases. Higher superheats require 
speciaUy designed equipment. Practically all modern central turbo- 
generator stations and large isolated piston-engine plants are designed 
for superheated steam. No general rules can be drawn as to the extent 
of the saving made, because of the great number of variable factors enter- 
ing into the problem. Each installation must be considered by itself 
and due consideration given to such items^ as the type and size of prime 
movers, character of service, nature and cost of fuel, piping, first cost, 
upkeep and the like. The logical procedure is to determine the saving 
in fuel regardless of other factors and then deduct the extra expense due 
to first cost and upkeep. The resulting net gain or loss will show whether 
or not the use of superheat is advisable. 

Theoretically, all types of steam-driven prime movers show increased 
heat efiiciency with superheated steam, but the gain is usually less than 
that actually realized in the commercial mechanism. Aside from the 
gain in the prime mover, there is the possible added efficiency in the boiler 
plant. It is true that the heat required to superheat steam is furnished 
by the fuel, and when a definite weight is superheated an added amount 
of fuel must be burned; but with a properly designed superheater integral 
with the boiler, the overall efficiency of boiler and superheater is usually 
somewhat higher than if saturated steam alone were generated, so that 
the added amount of fuel is less than the heat gained by the steam. In 
addition to the thermal gain in the prime mover and boiler, there may be 
a reduction in heat losses in the piping system because smaller pipes may 
be used and because superheated steam gives up heat less rapidly than does 
vet steam.* Furthermore, the increased economy of the prime mover 
may permit a reduction in the size of boilers, condensers, and other aux- 
iliary apparatus. 

At high temperatures superheated steam behaves like a gas and is, 

‘ Lower Line Lessee wUh Superheated Steam: Power, Aug. 7, 1923, p. 233. 
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therefore, in a far more stable condition than saturated steam. Con- 
siderable heat may be abstracted without producing liquefaction, whereas 
the slightest absorption of heat from saturated steam results in conden- 
sation. If superheat is high enough to supply not only the heat absorbed 
by the cylinder walls but also the heat equivalent of the work done during 
expansion, the steam will be dry and saturated at release. 

According to Ripper Steam Engine Theory,’^ p. 155), this is the 
condition of maximum efficiency in a single cylinder, but several tests of 
reciprocating steam engines conducted by the author gave maximum 
efficiency when the exhaust showed superheat varying from 10 to 25 deg. 
fahr. Long observations on steam engines snow that in order to obtain dry 
steam at release, the superheat at cut-off must be between 11/2 and 2 1/2 
times the total temperature drop which would occur if the engine were 
operated with saturated steam, depending upon the initial condition of 
the steam and the ratio of expansion. Under “ temperature drop,^’ is 
understood the temperature difference between the live steam and the 
exhaust steam. The earlier the cut-off, the higher the degree of super- 
heat required. A superheat of not less than 250 deg. fahr. at admission 
is necessary to secure dry steam at release in the average single cylinder 
cutting off at one-fourth stroke and with boiler pressure of 100 lb. gage. 
Small steam turbines for auxiliary drives frequently show superheat in 
the exhaust when the initial superheat is only 100 deg. fahr. There will 
be a reduction of approximately 1 per cent in cylinder condensation for 
7.5 to 10 deg. of superheat. In Europe it is common practice to super- 
heat the steam between each stage of compound and triple expansion 
engines, but this practice is not generally followed in America because of 
the complications involved. A high-pressure turbine designed for 1200 
lb. gage pressure and initial temperature of 750 deg. fahr. is now (1926) 
being operated in the Weymouth station of the Edison Electric Illuminating 
Co., Boston, Mass. The exhaust from this unit is to be reheated to 750 
deg. and discharged at 300 lb. pressure into the steam mains which supply 
the large turbines at the station. 

The water rate of the steam turbine is decreased by superheating, but 
to a less extent than that of the piston engine. Theoretically, the im- 
provement in steam economy is the same for both types of prime movers, 
pressure and temperature ranges being the same in each case, but in 
actual practice the gain is more pronounced with the piston engine. This 
is due to the fact that with reciprocating engines the live steam entering 
the cylinder comes in contact with cylinder walls which were previously 
cooled as a result of heat being abstracted in the re-evaporation of moisture 
in the exhaust steam. This results in condensation losses when the live 
steam is not superheated. With superheated steam, the condensation 



184 


STEAM POWER PLANT ENGINEERING 


and re-evaporation losses are eliminated, or at least considerably reduced. 
In general, the less economical the steam motor, the more is the gain 
effected by superheating. Aside from the gain in heat efficiency, the use 
of superheated steam benefits the turbine by reducing erosion of the 
blades and by lowering skin friction and windage. The fact that nearly 
all modem steam turbine plants are operated with superheated steam is 
evidence that superheating results in ultimate plant economy. Where 
it becomes necessary, particularly with old boilers, to reduce the operating 
pressure, with a consequent decrease in plant capacity, the application 
of superheat to such boilers will enable them to meet the power demands 
of the plant at the reduced pressure. In most cases, superheating will 
provide additional reserve power over that of the plant before the pressure 
was reduced. 

Indmtrial Uses of Superheated Steam: Trans. A.S.H. & V.E., Vol. 25, 1919, p. 365. 

93. Economy of Superheat. — Many comparative tests of engines and 
turbines using saturated and superheated steam, under varying conditions 
of pressure and temperature, have been made during the past few years, 
showing in all cases decreased steam consumption due to superheat. 
Substantial ultimate gains are effected with moderately superheated 
steam, but in view of the still greater economies possible with highly 
superheated steam, with little additional cost for equipment, it is advisable 
to use the highest superheat which plant conditions permit. In many 
new plants, particularly those of larger capacity, 250 to 300 deg. fahr. of 
superheat are being used successfully. The first cost is not excessive; 
repairs are moderate; and the life of the installation is all that can be desired. 

As far as steam consumption per hp-hr. is concerned, superheating 
usually increases the economy of the piston engine from 5 to 15 per cent 
and in some instances as much as 40, the latter figure referring to the more 
wasteful types. A fair estimate of the comparative ranges in steam con- 
sumption of various types of prime movers using saturated steam, and 
steam superheated 100 and 200 deg. fahr., is given in the following table: 


j 

Type of Engine 

Eronomy in Steam Con- 
fluniption (Per Cent) 
Over Saturated Steam 

100 Deg. 
Superheat 

200 Deg. 
Superheat 

Simple, non-condensing 

1 

20-38 

18-32 

16-28 

12-22 

16-28 

14 r -20 

Compound, non-condensing 

condensing 

Triple, condensing 

Turbine, non-condensing 

condensing 
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European builders guarantee steam consumption with highly super- 
heated steam (total temperatures 750 to 850 deg. fahr.), as follows: 



Lb. per 
I.hp.-br. 

Single-cylinder condensing engines (uniflow) 

Single-cylinder non-condensing engines (uniflow) 

8.5 

12.0 

Compound condensing engines (locomobile) 

8.0 

Compound non-condensing engines (locomobile) 

10.5 



An exceptionally low steam consumption is credited to a tandem com- 
pound using steam superheated to 815 deg. fahr. at an initial pressure of 
794 lb. abs. When exhausting against an abs. back pressure of 0.7 lb., 
the steam consumption was 5.12 lb. per i.hp-hr., corresponding to a thermal 
efficiency of approximately 30 per cent. (Powers Feb. 7, 1922, p. 219.) 

In high-pressure steam turbines, the water rate is improved approxi- 
mately 1 per cent for every 8 to 12 deg. fahr. superheat, the higher rate 
holding for about 50 deg. superheat and the lower for about 200 deg. It 
is difficult to estimate the actual gain in heat economy due to super- 
heating in very large turbines, since they are not designed for saturated 
steam and tests with the latter do not offer a true comparison. In a 
general way the average reduction in steam consumption for these large 
units is about 1 per cent for every 10 deg. fahr. increase in superheat. 

In comparing the performance of engines and turbines using saturated 
steam, it is advisable to base all results on the heat consumed per unit 
output rather than on the steam consumption, since the latter is apt to 
give a false idea of the relative economies. The real measure of economy 
is the cost of producing power, taking into consideration all charges, fixed 
and operating, and the next best is the coal consumption per unit output; 
but as a means of comparing the motors only, the heat consumption per 
unit output is very satisfactory. 

See paragraph 186 for the influence of superheat on the economy of 
reciprocating engines, and paragraph 214 for the influence on steam 
turbines. 

94. Limit of Superheat. — In this country, steam temperatures of 600 
deg. to 650 deg. fahr. are common on locomotives. These temperatures 
are being used also in many stationary plants of large capacity. In 
plants of moderate size, and especially those which are converted from 
saturated to superheated steam, it is advisable to use the maximum 
superheat which existing conditions allow, and which good engineering 
practice dictates as being safe. While, heretofore, moderate superheat 
has been considered satisfactory, the cost of fuel necessitates the utmost 
economy, and higher superheat should be used wherever possible to effect 
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economy. In Europe, few if any plants are installed without superheaters, 
and 700 deg. is a common temperature, with a maximum of about 850 
deg. There is no particular mechanical difficulty in designing power 
plant apparatus to withstand temperatures as high as 850 deg. fahr., and 
for industrial purposes still higher steam temperatures are often used. 
In general, it may be said that each case should be considered in all its 
details before a decision is reached relative to the most advantageous 
superheat temperature to be used. 

Experience has shown that with engines of ordinary design, slide-valve 
and Corliss, the temperature at the throttle should not exceed 500 deg. 
fahr. This corresponds to a superheat of 160 deg. with steam at 100 lb. 
gage pressure, and 130 deg. at 150 lb. This degree of superheat insures 
practically dry steam at cut-ofif in the better grade of engines. Just how 
far superheating can be carried with a given engine of ordinary construc- 
tion can be determined by experiment only, but a temperature of 500 deg. 
is probably an outside figure and 450 deg. a good average. Higher tem- 
peratures are apt to interfere with lubrication and sometimes cause warp- 
ing of the valves. With temperatures below 450 deg., no difficulties are 
ordinarily encountered. 

With highly superheated steam involving temperatures of 600 deg. 
fahr. or more, the poppet-valve type of engine is ordinarily employed, 
though balanced piston and specially designed Corliss valves are not un- 
common. The poppet valve is not distorted by heat and requires no 
lubrication. In Europe these engines have been brought to a high state 
of efficiency, but have not been generally adopted in this country. The 
steam end of the composite gas-steam engines at the Ford Motor Com- 
pany's plant, Detroit, are of Corliss valve design and though the steam 
at admission has a temperature of 700 deg. fahr. no difficulty is experienced 
with lubrication. 

Owing to the absence of rubbing parts in contact with the steam, and 
because the casing is not subjected alternately to high and low tempera- 
tures, steam turbines may be designed to operate successfully with tem- 
peratures up to 850 deg. fahr., though temperatures above 725 deg. are 
exceptional. The latest steam turbine installations in this country are 
designed for temperatures of 750 deg. fahr. 

95. Types of Superheaters. — Superheaters are broadly classified as 
radiant superheaters and convection superheaters according to the nature 
of the heat transmission. In the former the heat is transmitted to the 
superheating surface primarily by radiation, and in the latter by convec- 
tion, though both radiation and convection occur in each type. Radiant 
superheaters are invariably placed in the furnace and perform the double 
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duty of superheating the steam and of protecting the furnace walls. The 
majority of the convection-type superheaters receive their heat from furnace 
gases, either from independently-fired furnaces or from the boiler proper. 
In the latter case they are placed in the boiler gas passages and are com- 
monly designated as integrally built. Convection-type superheaters are 
also designed to receive heat from high-pressure steam, saturated or super- 
heated, but in this connection they are usually called reheaters. 

Reheating low-pressure steam between stages of compound piston 
engines by means of high-pressure steam has been common practice for 
years (see par. 188), but it is only recently that this method has been applied 
to steam turbines. In most of the stations employing the reheating cycle 
the exhaust is raised in temperature by reheat boilers (see Fig. 98). The 
temperature to which steam can be heated in the reheat boiler is limited 
only by the strength of the materials, while that attained through the use 
of superheated live steam is limited practically to approximately 30 to 
50 degrees above the saturation temperature of the live steam. It has 
been recognized for a long time that whatever gain would result from re- 
heating would in the main be due to the increase in turbine efficiency 
resulting from the reduced moisture content of the steam in the lower 
stages, rather than through the improvement in the cycle. The increase 
in thermodynamic efficiency due to this higher temperature of the reheat 
boiler, however, is partly offset by the increased cost of piping, higher 
pressure drop and more complicated system of regulation of the reheat 
boiler. The world^s largest turbine, 208,000 kw., in the State-Line plant, 
employs live steam reheating. 

The integrally built superheater may be located in the furnace, as in 
Fig. 94, at the end of the heating surface as in Fig. 97, or at some inter- 
mediate point, as in Figs. 86 and 89. Since the absorption of heat depends 
chiefly upon the average temperature difference between the gases and the 
steam and the extent of superheating surface, the required degree of super- 
heat may be obtained from a small extent of heating surface in the furnace, 
a large amount in the rear of the heating surface, or a proportionate amount 
in intermediate locations. In a general sense, the sum of the boiler heating 
surface and superheating surface per boiler hp. is practically the same for 
any degree of superheat. The cost of a superheated steam boiler is ap- 
proximately equal to that of a saturated steam boiler, since the super- 
heated plant has less steam to generate. 

Until recently, superheaters integral with boilers were located in the 
path of the flue gases after they had passed a considerable amount of 
heating surface and had given up the greater part of their heat. With 
superheaters so located, the steam temperature increases appreciably with 
the increased load. Figure 102 shows the relation between superheat and 
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boiler rating with a superheater located between the first and second 
passes of a standard water-tube boiler. With the development of the 
large power stations and large generating units, more uniform superheat 
has become a necessity, and superheater designs have undergone new 
developments. Now, more than ever before, it is recognized that as long 
as steam is flowing through a superheater, its elements are protected from 
overheating by the cooling action of the steam, and the only time when 
they are endangered is during the firing-up period. The general practice 
in larger power stations is to keep boilers on the line all the time. They 
are shut down only for repairs or cleaning, so that the firing-up periods 
are less frequent. In modern power plants with large boilers, the super- 
heaters are, therefore, located in a hotter gas zone. In order to give 
uniform superheat at various boiler ratings, the capacity of a superheater 
must vary with that of the boiler. The ideal method of effecting this 
result would be to distribute the superheating surface throughout that 
portion of the gas path where heat is given up to the water in the boiler. 
This, however, is not done, for practical reasons, but a superheater located 
between the boiler tubes, which generate most of the steam, gives a prac- 
tically constant steam temperature. Superheaters having this charac- 
teristic are illustrated by Figs. 86 and 89. 

In a number of recent installations, the superheater is placed directly 
in the furnace, and absorbs the heat by radiation (Fig. 94). With such 
location the temperature of the steam drops off with increase in boiler 
rating. By placing part of the superheating surface in the path of the 

gases, and part in the furnace, the rising 
characteristic of the convection type 
and the drooping characteristic of the 
radiant type will produce practically 
constant superheat at all loads. 

Figure 83 gives the general details of 
a Babcock & Wilcox superheater, and 
Fig. 84 shows the application of super- 
heating coils to a longitudinal drum Babcock & Wilcox boiler for tempera- 
tures of 450-500 deg. fahr. The superheater for these conditions consists of 
two transverse, square wrought-steel manifolds into which two sets of 2-in. 
cold-drawn seamless steel tubes bent in a ” shape are expanded. The 
tubes ordinarily are arranged in groups of four. Saturated steam flows from 
the dry pipe, located within the drums, to the upper manifold. The latter 
is divided into as many sections as there are drums, so as to avoid expan- 
sion strain. From the upper manifold, the steam passes through the 
U-shaped tubes to the lower one (which is continuous) and thence to a cast- 
steel “superheater center fitting supported over the drum. The “super- 
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Babcock & Wilcox Super- 
heater Assembly. 
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Babco(;k & Wilcox Superheater - 
Location for Moderate Superheat. 


heater center fitting is provided with a superheated steam outlet and an 
extra opening for the reception of the superheater safety valve. This 
safety valve is furnished as a part of the regular equipment and is set 2 lb. 
lower than the safety valves of the boiler. This is essential in order to 
provide a flow of steam through the superheater and to prevent any over- 
heating of the latter in case the load should be suddenly thrown off the 
boiler. A small pipe connects 
the center fitting with the satu- 
rated steam space in the drum 
and is for the purpose of equaliz- 
ing the pressure when the dis- 
charge from the superheater is 
closed. While a flooding device 
is not necessary, its use is fre- 
quently recommended by the 
Babcock & Wilcox Company. Fig 
T his consists essentially of a 
small pipe which connects the 

lower manifold with the water space of the boiler and by means of which 
the superheater may be flooded. Any steam formed in the superheater 
tubes is returned to the boiler drum through the collecting pipe, which, 
when the superheater is at work, conveys saturated steam into the upper 
manifold. When steam pressure has been attained, the superheater is 

thrown into action by draining the 
water away from the manifolds and 
opening the superheater stop valve. 
With the proportion of superheating 
surface to boiler surface ordinarily 
adopted, the steam is superheated 
from 100 to 150 deg. fahr. 

The tubes of the Babcock & Wil- 

„ cox superheaters, as applied to Stir- 

Fig. 85. Babcock & Wilcox Superheater i. i *1 j- -i • j 

- Double Deck (Moderate Superheat). boilers, are ordinarily equipped 

With ferrules or cores, as conditions 
warrant, to give a proper ratio of tube cross-sectional area to header area. 
By the use of this construction, it is assured that all tubes carry their 
proper proportion of the total amount of steam passing through the super- 
heater, and the danger of warping or burning of any tubes due to being 
by-passed is obviated. 

With single inlet and outlet superheaters, one end of each superheater 
header is welded closed. To the other end there is attached a wrought- 
steel flange. 
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Figure 98 shows a section through an interstage superheater as installed 
in the 600-lb. boiler at Crawford. The primary superheater superheats the 

steam generated by the boiler, 
while the secondary super- 
heater reheats the steam ex- 
hausted at 100-lb. gage from 
the high-pressure turbine. The 
secondary superheater is above 
the primary as indicated. 

Figure 87 gives a side eleva- 
tion of one section of an Elesco 
superheater as installed in the 
Springfield boilers at the Hell 
Gate Station. The headers 
arc made of extra heavy pipe 
and are so located that the 
joints between headers and ele- 
ments are placed in a compara- 
tively cool gas zone, and are 
easily accessible for inspection 
and repairs. The elements 
consist of cold-drawn seamless 
tubing of small diameter, so 
that no cores are required. 
The elements are fastened to the header, by means of a detachable metal-to- 
metal ball clamp joint, and no welding, rolling, or gaskets 6f any kind are 
applied. The clamp studs are made of special heat-treated alloy steel with 
a minimum tensile strength 
of 100,000 lb. per sq. in. 

Figure 88 shows a section 
through the header and 
joints. 

The elements have forged 
return bends, an important 
feature of these superheat- 
ers, since it permits placing 
of elements closer together 
and better utilizes the space 
available for the superheater. Owing to the sharp turn, a better mixing of 
the steam is obtained, resulting in a more uniform heating. 

Any slugs of water carried over by the steam are broken up in the return 
bend; and become easily evaporated. These return bends are made on the 



Fig. 87. Assembly of Elesco Superheater — Side 
Elevation. 


n ja^ 



Located Between Tube Sections. 
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ends of the units from the metal of the pipe itself, by a special mechanical 


forging process with- 
out the use of electrical 
or acetylene welding. 
By means of the return 
bends, long units can 
be manufactured, de- 
creasing the number of 
joints in the header. 

Figures 89 and 90 
are e^xainples of two 
installations in accord- 
ance with modern prac- 



Fkj. 88. Method of Securing Tubes to Header — Elesco 
Superheater. 


tice in superheater design. Figure 89 shows a large cross-drum boiler built 



Pig. 89. Elesco Superheater Installation — Hell Gate 
Station. 


by the Springfield Boiler 
Company for the new 
Hell Gate Power Plant of 
the United Electric Light 
& Power Company in 
New York. The com- 
pleted plant will consist 
of 24 boilers, 12 of which 
are now in service. The 
superheater is located in 
the first pass between the 
sixth and s(wenth rows of 
tubes. The space is so 
selected as to protect the 
elements from too high 
temperature and, at the 
same time, to secure the 
high superheat specified 
with a minimum amount 
of tubing and minimum 
obstruction to the flow 
of the gases. The super- 
heater is designed for 
200 deg. of superheat at 
200 per cent rating. The 
headers are supported on 
steel work and are free 


to expand and contract in all directions. All joints between headers and 
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units can be inspected from the outside of the boiler by merely removing 
the access door in front of them. 

Figure 90 shows a boiler installed in the River Rouge plant of the Ford 
Motor Company. Each superheater consists of three headers, twcr 10-in. 



Fig. 90. 26,470 Sq. Ft. Ladd Boiler and ‘‘Elesco’^ Superheater. River 
Rouge Station. 


in diameter and one 12-in. The headers are located below the boiler 
steam drum. Steam is taken from two points of the boiler, collected, 
and led to the ends of the 10-in. saturated steam header, both connections 
being on the same side of the boilers. From the saturated headers, the 
steam passes through the elements and is returned to the 12-in. super- 
heated steam header and discharged at the side opposite that at which it 
enters the saturated headelr, thereby avoiding any possibility of short- 
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circuiting, and at the same time attaining a correct steam distribution 
through aD the elements. The units are placed in the first pass of the 
boiler, protected by a few rows of boiler tubes. This arrangement not 
only obtains a location of the superheater in an advantageous gas path, 
but also practically eliminates the obstruction to the flow of the gases past 
the superheater. The superheater heating surface is also contained in 
the least possible space of the boiler. All units are suspended from the 
headers in a nearly vertical position, and are thus free to expand and con- 
tract. The vertical 
position of the units, 
coupled with their 
smooth surface, also 
prevents the accum- 
ulation of soot and 
ashes. The headers 
are located outside 
the boiler away from Fig. 91. Assembly of Foster Superheating Element, 
the hot gases. This 

location of the headers offers facility for inspection and repairs, even dur- 
ing operation, without the necessity of going into the setting. Any unit 
in the superheater may be disconnected and removed without interfering 
with the other units. 

Figure 91 shows an assembly of Foster convection superheater ele- 
ments, and Fig. 92 the details of construction. This device consists of 

wrought-steel headers joined by a bank 
of straight parallel seamless drawn- 
steel tubes, each tube being encased 
in a series of annular flanges placed 
close to each other and forming an 
external cast-iron covering of large 
surface. The protection afforded by 
this external covering is ample to pre- 
vent damage from overheating during the process of steam raising, and 
flooding devices are unnecessary. The tubes are double, the inner tube 
serving to form a thin annular space through which the steam passes as 
indicated. Caps are provided at the end of each element for inspection 
and cleaning purposes. Foster superheaters are more costly than plain- 
tube superheaters, but are longer-lived and offer a much larger heating 
surface in proportion to the space occupied. Figure 93 shows a vertical 
section through a Foster radiant heat superheater. This superheater is 
placed so as to form a part of one of the walls or roof of the combustion 
chamber, absorbing heat, in this position, by radiation from the fire. 



uuw 


[tended 




Fig. 92. Details of Construction — 
Foster Superheater. 
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The elements of the superheater .consist of heavy rectangular steel sections 
assembled so as to form a flat metal wall. Individual elements are connected 
at each end to inlet and outlet forged steel manifolds or headers placed out- 
side the wall of which the elements form the inside face. 
The space between the steel casing and the clement is 
filled with insulating material. The advantages of the 
radiant type are (1) non-interference with the design 
of bafiling system of the boiler, (2) high degree of super- 
heat in a limited space, (3) accessibility to inspection 
and repair, (4) no addition to boiler draft loss, (5) non- 
rising characteristic with increasing loads, and (6) re- 
duced furnace maintenance. In the.new high-pressure 
unit of the Lakeside Station radiant-heat superheaters 
are installed on the two side walls with radiant-heat 
reheater in the rear wall. 

A substantial gain has been made in the economy of 
a number of plants by increasing the existing superheat. 
This has been accomplished by (1) increasing the size 
of the superheater, (2) installing radiant heat super- 
heaters, (3) changing the boiler baffling, (4) removing 
the boiler tubes below the superheater and (5) by in- 
stalling steam purifiers. It is not always possible to 
increase the size of a convection superheater because 
of draft restrictions or space limitations. A booster'' 
radiant heat superheater, however, can usually be lo- 
cated in the front, back or side wall of the setting and 
when connected in series with the existing convection- 
type superheater will add considerably to the super- 
heat. A comparatively small radiant surface is required 
to accomplish this result. For example, the addition of 
109 sq. ft. of booster radiant heat superheating surface 
Fig. 93. Foster Rar to the 4024 sq. ft. convection superheater at the Lake- 
diant Heat Super- side Station increased the superheat from 170 to 290 deg. 
heater — Side Elc- Radiant heat superheaters in series with convec- 

vation. superheaters are finding increasing favor with 

engineers as is evidenced by the number of new plants which are instal- 
ling this combination. 

Inasmuch as the superheat required in most installations is being gradu- 
ally increased, the superheater is located four or even three tubes above 
the furnace instead of six as in Fig. 89. By eliminating some of the boiler 
tubes at the side of the furnace and arranging them as indicated in Fig. 95, 
the flow of gas is equalized over the entire width of the furnace and the 
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degree of superheat is increased. This arrangement is particularly effec- 
tive in connection with water-cooled furnaces where the furnace tempera- 
ture and also that of the gases passing through 
the superheater is lowered by the heat absorp- 
tion of the water walls. With the steadily in- 
creasing high superheat and high gas tempera- 
tures, high velocity of steam is essential to tube 
protection. In order to obtain high velocities 
and at the same time provide safety for high 
pressure, smaller superheater tubers are used 
than formerly. In some of the more recently 
installed plants the tubes are in. O.D. and 
between No. 9 and No. 6 B.W.G. 

A modern, separately fired superheater is illus- 
trated in Fig. 96. The steam enters the super- 
heater at “ a and flows through the lowest pipe 
of the units, so that the hottest gas comes in 
contact with the part of the units where the 

steam temperature is the coolest, and where „ t ^ iw r-n . 
the steam in most cases still contains some Radiant Heat Superheater, 
moisture. The units arc thus protected against 

overheating. The steam flow in this part of the superheater is in the 
same direction as that of the gases, but owing to the great temperature 




Fig. 95. Superheater Arrangement to Give Equal Gas Velocity Across the Boiler. 


difference between the gases and the steam the heat absorption is still 
high. In the second section, the steam flows in the opposite direction to 
the gas, so that the heat absorption here is the highest possible. Where 




Fig. 96. Elesco Independently Fired Fig. 97. High- and Low-pressure 

Superheater. “Elesco’^ Superheater. 


ciency of the superheater. 


iDtenUge 
nperheater 
KOOO M. ft. 
“ ' tube* 
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•q. ft. in 3V‘ 
ti2b^lS' 
long— 


Fig. 98. Reheat Boiler at Crawford Ave. Station 
of the Commonwealth Edison Co. 


The superheated steam leaves the superheater 
at ‘‘ This arrangement 
permits of low flue-gas tem- 
peratures and high steam tem- 
peratures without subjecting 
the elements to the severe ac- 
tion of the heat. The design of 
headers and joints is the same 
as that of the Elesco Integral 
Superheater. 

Figure 98 shows a section 
through No. 2 reheat boiler at 
the Crawford Avenue Station 
of the Commonwealth Edi- 
son Co. This unit is in effect 
an independently fired super- 
heater since its primary func- 
tion is to reheat the exhaust 
between the high- and low- 
pressure element of the steam 


turbine. Some high-pressure superheated steam is generated in the boiler 
proper and the primary superheater, in order to reduce the temperature 
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of the products of combustion entering the low-pressure superheater, 
the weight of low-pressure steam reheated being approximately five times 
the weight of water evaporated by the boiler. Primary steam is generated 
at 580 lb. pressure and 725 deg. temperature, and interstage steam is re- 
heated at 100 lb. pressure from 400 to 700 deg. approximately. 

Tests of Reheat Boilers at Columbia Station of the Union Gas and Electric Co.: Report ' 
of Prime Movers Committee, N.E.L.A. Publication, No. 267-33, 1927, p. 8. 



96. Materials used In Construction of Superheaters. — Tubes for the 
convection-type of superheaters for temperatures up to 725 deg. fahr. are 
ordinarily constructed of 0.10 to 0.15 carbon mild steel and range in diam- 
eter from IJ to 2 in. and in thickness from No. 6 to No. 12 B.W.G. For 
higher temperatures special steel alloys are employed. Headers were 
formerly composed of cast iron or cast steel, but forged steel is used almost 
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exclusively in the modem design. While steam in contact with steel 
shows some dissociation into free hydrogen and oxygen at or above a metal 
temperature of 900 deg. fahr., reduced strength of the metal at high tem- 
peratures is the primary reason for limiting the amount of superheat. It 
is generally supposed that superheated steam cannot be utilized safely at 
• temperatures above 750 deg. fahr., especially where pressures exceed 500 
lb. gage, but the performance of three water tube boilers at Langenbrugge 
in Belgium seems to indicate that this is by no means the limit. The 
boilers in this plant are working at a pressure of 710 lb. gage and a tem- 
perature of 840 deg. at the stop valve with very little dissociation and no 
apparent distress to the boiler steel. On the other hand, the work of 
recent years on the phenomena of “creep takes on a special significance. 
According to this investigation, metal subjected to stress over a period of 
time at a temperature above a certain limit will fail by “creep ” at a much 
lower stress than that indicated by the usual tensile test. In other words, 
what would amount to an apparently ample factor of safety when based 
on conventional tensile strength at a given temperature, would have no 
real factor of safety on the creep basis. From the little data available at 
this time on the “ creep ” characteristics of mild steel, it appears that a 
850 deg. temperature is very close to the limit of safety and that higher 
temperatures would necessitate 'the use of metals such as chrome-nickel 
steel. Further development is necessary before any definite limit can be 
placed on the usual steel employed in boiler and pipe construction. Cast 
iron is no longer used in high-pressure, high-temperature steam practice 
and non-ferrous materials of the brass and bronze type have no real value 
in this field. High-grade chrome-nickel steel, however, is safe for pressures 
up to 1500 lb. per sq. in. and temperatures up to 900 deg. fahr. 

Properties of Metals at High Temperatures: Trans. A.S.M.E., Vol. 44, 1922, p. 1130. 

, N.E.L.A. Report No. 267-93, Aug., 1927. 

Why Metals FaU Under Influence of Steam Once Superheated: Power, Apr. 12, 1927, 
p. 540. 

97. Extent of ConTectlon Superheating Surface. — The required extent 
of superheating surface for any proposed installation depends upon: (1) 
the degree of superheat to be maintained; (2) the velocity of the steam and 
gases through the superheater; (3) the character of the superheater; (4) 
the weight of steam to be superheated; (5) the moisture in the wet steam; 
(6) the weight, composition, and tcxuperature of the gases entering and 
leaving the superheater; (7) the conductivity of the material; (8) cleanli- 
ness of the tutes; (9) design of superheater, or manner in which the gases 
pass over the heating surface, and location- of the superheater. 

Since the heat absorbed by the steam in the superheater is equal to 
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that given up by the products of combustion, neglecting radiation, this 
relationship may be expressed 


in which 


SUd = Wc {ti - t 2 ) 


(54) 


S = sq. ft. of superheating surface per boiler horsepower (b.hp.). 

U = mean coefficient of heat transmission, B.t.u. per sq. ft. per hr. 
per deg. difference in temperature. 

d = mean temperature difference between the steam and heated gases, 
deg. fahr. 

W = weight of gases passing through the superheater per b.hp.-hr. 
c = mean specific heat of the gases. 

ti = temperature of the gases entering superheater, deg. fahr. 
t 2 — temperature of the gases leaving superheater, deg. fahr. 


Transposing equation (54) 




Wc {li - k) 
[Id 


(55) 


The heat transfer from the products of combustion to the steam may 
also be expressed 

SUd = w' (ts ~ t) (56) 

in which 

, w = weight of steam passing through the superheater, lb. per b.hp.-hr. 
c' = mean specific heat of the superheated steam. 
ts “ temperature of the superheated steam, deg. fahr. 
t == temperature of the saturated steam, deg. fahr. 

Sy Uj and d as in equation (54). 

For wrought-iron or mild steel tubes, U varies as follows : 

C/ = 1 to 3 for superheaters located at the end of the heating surface. 
= 4 to 8 for superheaters located between the first and second pass 
of water-tube boilers. 

= 8 to 12 for superheaters located immediately above the furnace in 
stationary boilers, in the smoke box of locomotive boilers, and 
in separately fired furnaces. 

The above values are only averages for standard vertical-pass boilers 
as they were built a few years ago. The value of U changes considerably 
with the velocity of the gases, which means that it changes also with the 
rating. The present tendency is to design boilers so that the gas velocity 
increases towards the end of the boiler, and the above figures will be 
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increased correspondingly. Figure 99 shows values of TJ obtained at 
different ratings in actual operation with a Stirling type boiler of about 
1000 hp. Figure 100 shows the temperature range of the hot gases enter- 
ing superheaters for various percentages of boiler heating surface passed 

over before reaching the super- 
heater coils. 

Equations (65) and (56) are 
only of academic value, since 
manufacturers of superheaters are 
gol, more dependent upon experience 
perCentNat^aiBoiierRating ’ judgment than upon mathc- 

Fig. 99. Coefficient of Heat Transmission— 

^^Elesco’* Superheater. maticai analyses. 

In accordance with recent prac- 
tice, IJ to 2 sq. ft. of surface per b.hp. is allowed for superheaters located 
between the first and second passes, and from 3 to 4 sq. ft. for super- 
heaters located at the end of the boiler heating surface, for superheats 
from 100 to 150 deg. fahr., boiler pressure about 150 lb. The nearer the 
superheater is located to the furnace, the smaller becomes the heating 
surface, and f to 1 sq. ft. per b.hp. is not a rare occurrence. 

The Power Specialty Company al- 
lows 6 B.t.u. per linear foot per degree | isooi r— t — ^ 

difference in temperature for their j/jm 

‘Hwo-inch Foster element where S® - iter ibe bo mm 

the average temperature of the gases l|iooo 

is about twice the mean temperature || 
of the steam. S 

For all engineering purposes, d may 

be determined with sufficient accuracy c| 

from the relationship | § 7oo 


hter Tube Boiler ^ 


d = («i + «,)/2 - + 0/2 (57) 


65 60 65 50 45 " 

Per Cent 

Notations as in equations (55) and 5^^^ 

(56). 

Fig. 100. Temperature Range of Gases 
An empirical formula for determin- in Superheater, 

ing the extent of superheating sur- 
face in connection with indirect superheaters, which appears to give 
satisfactory results for superheaters placed between the first and second 
passes of vertically baffled water-tube boilers, has been developed by 
substituting the following values, 

C7 = 3, d = - (i, + OA = 30, e = 0.6, 

in equations (56) and (67) (J. E. Bell, Trans. A,8.M.E.y 29-267). 


Fig. 100. Temperature Range of Gases 
in Superheater. 
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Thus; 

SXSlt' - (ts + 0/2] = 30 X 0.5 X (ts - 0 

from which 

10 its r-t) 


(58) 

( 69 ) 


the mean temperature of the product of combustion where the super- 
heater is located, may be approximated from equation: 

1 - 0" '® = 0.172 H + 0.294 (60) 

in which 

H = the proportional part of boiler-heating surface between the ppint 
at which the temperature is t and the furnace 
i as in equation (56). 


The preceding analysis refers to convection type superheater only. 
Some idea of the heat transfer in radiant heat superheaters may be gained 
from the performance curves in Fig. 104 which are based on tests of an 
88 sq. ft. side-wall radiant heat superheater and 7500 sq. ft. convection 
superheater in a 13,500 sq. ft. cross drum B. & W. boiler. The steam 
circulation is from boiler drum, through radiant heat superheater to con- 
vection superheater. For rough approximations the rate of heat transfer 
in radiant heat superheaters as installed in the modern boiler may be taken 
as 40,000 B.t.u. per sq. ft. of heating surface per hour. Under favorable 
conditions transfer rates as high as 60,000 B.t.u. have been obtained. 


Example 22. — What extent of heating surface is necessary to super- 
heat saturated steam at 175 lb. gage pressure, 200 deg. fahr., if the super- 
heater is placed in the boiler setting where the gases have already traversed 
40 per cent of the water-heating surface? 


Solution. - 

from which 
Substitute 


Substitute H = 0.4 and t = 378 in equation (60) 
1 -^ («' - 378)°i« = 0.172 X 0.4 + 0.294 

V = 950. 

t' = 950, ts = 578, and t = 378 in equation (59) 

^ 10 (578 - 378) ^ o 12 ft 

^ 2 X 950 - 578 - 378 


Figure 100 gives the probable temperature range of gases entering 
superheater after passing over a given per cent of boiler-heating surface. 

Boilera, Superheaters and Economizers: N.E.L.A. Prime Movers, Report No. 267-33, 
1927. 
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98. Performance of Superheaters. — The factors influencing the per- 
formance of superheaters are so numerous and so variable that general 
data for purpose of design are of little value unless all of these factors are 
given full consideration. If the combined boiler and superheater effi- 
ciency were constant irrespective of the boiler capacity, the ratio of gas 
weight passing over the superheater surface to steam weight passing 
through the superheater tubes, as well as the ratio of gas to steam velocity, 

would be constant at all loads. 
Under such conditions, the 
superheat would be approxi- 
mately constant at any boiler 
rating developed. In the mod- 
ern high-set boiler, in which 
the furnace volume, grate sur- 
face, and heating surface have 
been properly co-ordinated, 
the overall efficiency is approximately constant over a wide range in capacity, 
and as a result the superheat is also approximately constant. A typical per- 
formance curve is shown in Fig. 101. In general, however, as the capacity 
increases, the weight of steam flowing through the superheater coils increases 
almost in direct proportion to the capacity, while the weight of gas passing 
across the superheater surface increases at a rate inversely to the efficiency 
at various capacities, the weight of gas per lb. of fuel burned remaining con- 
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Fig. 101. Performance of Superheater Located 
Between Tube Decks. 



Fig. 102. Performance of Superheater Located at End of First Pass. 

stant. This results in an increased heat transfer rate between the gas and 
steam. There is also an increase in temperature difference between the 
gas and steam, so that the combined effect is to increase the superheat 
as the capacity is increased. This is shown in the curves of Fig. 102. 
This relationship between superheat and capacity will vary widely even 
with a given fuel and a given set of combustion conditions, with various 
designs of furnaces, stokers, boilers and superheaters. The variation in 
superheat is dependent not only on the ratio of the superheater surface to 
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boiler surface, but upon its location with respect to the boiler surface, the 
action of the flame from the fuel bed, the temperature of combustion, and 
the kind of fuel. The influence of the kind of fuel on the superheat at' 
various boiler ratings for different fuels and methods of firing is shown in 



Fig. 103. Influence of Character of Fuel and Method of Firing on Superheat. 

Fig. 103. In Figs. 101 to 103, the superheaters are not exposed to radia- 
tion from the fuel bed. 

In many plants operating at comparatively low pressure and tempera- 
tures, new extensions are designed fo** high-pressure and high superheat. 



100 ISO 200 250 300 

Per Cent Rated Capacity, Boiler and Superheater 


Fig. 104. Performance of Combined Convection and Radiant-Heat Superheater. 

In order to make operation more flexible and use the new boilers in con- 
nection with the existing equipment, the high-pressure, high-temperature 
steam is reduced in pressure by the conventional reducing valve and the 
temperature reduced by desuperheating. Desuperheating is employed in 
many other situations where the available steam supply is too highly 
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superheated for the purpose at hand. The simplest method of lowering 
the quality is by injecting a spray of water directly into the steam pipe or 
'into a vessel in the pipe line. The more satisfactory arrangement, how- 
ever, is through the use of a non-contact type of heat exchanger, with the 
water outside the tubes and the superheated steam inside. In order to 
reduce corrosion and increase the rate of heat transmission the water should 
be near the boiling point. Under favorable conditions of steam velocities 
and tube arrangements, boiling water can absorb from superheated steam 
up to 200 B.t.u. per sq. ft. per hour, per deg. fahr. temperature difference. 
With cold water the coefficient of heat transmission is from 25 to 50 per 
cent less than this. A well-known design of desuperheater is similar in 
principle and construction to the hair-pin ” feedwater heater illustrated 
in Fig. 389. 

New Field Jot Desuperheaters: Power, Nov. 30, 1926, p. 803. 

High Heat Transfer Rates for Surface Type Desuperheaters: Power, Feb. 15, 1927f 
p. 253. 


TABLE 32 

MODERN SUPERHEATER INSTALLATIONS (CONVECTION TYPE) 


station 

Type of 
Boiler 

Pree- 

sure 

n 

Boiler 
Heating 
Surface, 
Sq. Ft. 

Super- 
heating 
Surface, 
Sq. Ft. 

Ratio 

S.H.S. 

to 

B.II.S. 

Barbados 

Springfield 

300 

625 


1680 

0.100 

Columbia 

B. & W. 

600 

750 


3184 

0.210 

Calumet 

B. & W. 

350 

625 

15,089 

4052 

0.270 

Crawford 

B. & W. 

575 

725 

11,676 

5640 

0.339 

Cahokia 

B. & W. 

300 

640 


4070 

0.225 

Colfax 

B. & W. 

275 

650 


5640 

0.204 

Grand Tower 

B. & W. 

400 

735 

11,599 

2250 

0.194 

Kearney 

B. & W. 

385 

680 


4130 

0.183 

Northeast 

Heine 

280 

650 

12,743 

5748 

0.450 

Marysville 

Stirling 

300 

700 

28,212 

3169 


Hell Gate 

Springfield 

300 

690 


2135 


Philo 

B. & W, 

650 

750 

14,086 

2427 


Richmond 

Stirling 

400 


15,697 

2827 

0.180 

Seal Beach 

B. & W. 

385 



3311 

0.131 

Waukegan 

B. & W. 

600 

725 

14,086 

2460 

0.175 

Weymouth (Edgar) 

B. & W. 

425 


19,743 

2936 

0.148 

Trenton Channel 

Stirling 

415 



6070 

0.208 


PROBLEMS 

1. A boiler unit generates steam at 250 lb. abs. pressure, sui)erheat 300 deg. fahr. 
from a feedwater temperature of 210 deg. fahr. What percentage of the fuel burned 
is required to superheat the steam? Neglect all losses. 

2 . The average temperature of the products of combustion sweeping past a super- 
Wter is reduced from 1000 to 800 deg. fahr. If 12 lb. of gas are produced by each lb. 
of fuel, how many lb. of steam are superheated from saturation to a final temperature 
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of 600 deg. fahr. for each lb. of fuel burned? Steam pressure 150 lb. gage. Neglect 
aU losses. 

3 . Required the mean temp. dif. of the products of combustion passing through 
a superheater of 3816 sq. ft. of heating surface if 30,000 lb. of steam per hr. are heated 
from saturation at 265 lb. abs. to 600 deg. fahr.; mean coefficient of heat transfer, 5. 
Neglect all losses. 

4 . Approximate the sq. ft. of superheating surface necessary to superheat 10,000 lb. 
of saturated steam per hr. at 200 lb. abs., to 550 deg. fahr., if the superheater is placed 
between the first and second pass of a vertically baffled water-tube boiler where the 
gases have already traversed 35 per cent of the water-heating surface. 

6. A 200 hp. boiler, rated at 10 sq. ft. of heating surface per b.hp., generates steam 
at 135 lb. gage pressure, superheat 100 deg. fahr., feedwater temperature 160 deg. 
fahr., when operating at 200 per cent rating. If the average temperature of the gases 
sweeping past the superheater is reduced from 950 to 700 deg. fa^., what is the ratio 
of superheating to water-heating surface? Assume C/ =* 3. 



CHAPTER VI 


BOILER SETTINGS, FURNACES, STOKERS AND 
FUEL BURNING APPLIANCES 

M. Settings. — Internally fired boilers and furnaces are generally self- 
contained and require no separate enclosing or supporting structure 
other than a smtable foundation. Externally fired boilers, on the other 
hand, require a setting upon which the boiler may rest or within which it 
may bo independently supported by steel framework. The essentials of a 
boiler setting are a firm foundation to prevent settling and cracking of the 
walls, proper distribution of masonry and steel work, adequate furnace 
construction for maintaining eflacient combustion and withstanding the 
stresses due to temperature variation, suitable baffling for obtaining 
maximum heat absorption and minimum draft losses, and insulation 
against heat losses. The structural steel work, including metal boiler 
fronts, inspection doors and frames, and other strengthening and staying 
devices, are usually furnished with the boiler, but the stoker and masonry 
construction are generally installed independently, but subject, of course, 
to the boiler design. 

Water-tube boilers are usually suspended from steel work independent 
of the setting, so that the brickwork supports no load other than itself. 
Return-tubular boilers under 78 in. in diameter are frequently supported 
by side brackets or lugs resting directly on the brickwork, but the larger 
sizes are invariably suspended from steel beams. Fig. 30. The suspended 
type is by far the better since, by its use, the boiler is free to expand and 
contract without disturbing the brickwork, and the trouble of brickwork 
cracking, air leakage and boiler settling is reduced to a minimum. In 
some of the latest installations, horizontal return-tubular boilers are 
erected with steel-incased settings — the barrel, or steam-boat, and the 
box type. In the former the steel plate casing beyond the bridgewall is 
semi-circular in shape, conforming to the outline of the boiler shell; and 
in the latter, the outline is that of the standard setting. The steel casings 
are lined with a layer of fire brick and a layer of common brick, with a 
thin layer of insulating material next the casing so that heavy brick walls 
are unnecessary. This type of setting is perfectly air tight and reduces 
air leakage losses to a minimum. 

The side and end walls of a boiler setting should never be less than 12 in. 
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thick and should be constructed preferably of brickwork, though con- 
crete has been used in some low-pressure installations. Ordinarily the 
outer walls are built of well-burned red brick, and the inner surfaces, in 
contact with the hot gases or exposed to the dame, are faced with fire 



Fig. 105. Examples of Refractory Side-wall Construction. 


brick capable of withstanding the high temperatures. Solid fire brick, or 
composite walls of various combinations of brickwork, refractory material, 
heat-insulating coverings and steel jackets are also employed. Some idea 
of the various combinations may be gained from an inspection of Figs. 



Fig. 106. Examples of Refractory Front-wall Construction. 

105 and 106. In the modern power plant equipped with forced-draft 
stokers or powdered-fuel burners, the boilers are operated at very high 
efficiencies and ratings in order to reduce initial plant investment. The 
resulting furnace temperatures, particularly with preheated air, are very 
high and beyond the economical life of any refractory material unless 
protected by artificial cooling. Air-cooled walls have solved the problem 





208 


STEAM POWER PLANT ENGINEERING 


in some cases but the modern tendency is toward water-cooled walls or a 
combination of radiation-type superheaters and water cooling. 

The arched construction, forming the roof of certain types of furnaces, 
is commonly designated as the furnace arch, Fig. 129; that immediately 
over the fire bed, if independent of the roof, the ignition or coking arch, 
Fig. 107; and that located beyond the bridgewall, the deflection arch. 
Fig. 116. Ignition arches, as the name implies, are for the purpose of 
igniting the fuel, and deflecting arches act as mixing devices. In some 
of the modern high-set boilers, equipped with underfeed stokers, no arches 

are required, while in certain 
classes of hand-fired furnaces 
both ignition and deflection 
arches are to be found. These 
arches are either of the sus- 
pended, Fig. 107, or sprung. 
Fig. 120, type, and are in- 
variably constructed of high- 
grade refractories in power 
boilers, and occasionally of 
water-box construction with 
refractory lining in low-pres- 
sure heating boilers. Ventila- 
tion of arches subjected to 
high temperatures is of great 
importance; without proper 
ventilation, the steel supports in the suspended type will become over- 
heated and the refractories in the sprung type will sag and fall. 

The partitions placed among the tubes of water-tube boilers, for the 
purpose of directing the flow of the hot gases, are generally known as 
baffles. These baffles may be at right angles to the tubes. Fig. 122 
(vertical baffles), parallel with the tubes (horizontal baffles) Fig. 95, or 
inclined. Fig. 412. They are constructed of cast-iron plates lined with 
refractory material, specially shaped fire tile or plastic refractory cement. 
Baffles should be air-tight and yet permit of tube removal, and should be 
arranged so that the tubes will receive the full scrubbing action of heated 
gases without short-circuiting. Dead spaces and pockets where soot may 
accumulate should be avoided, except, of course, where such pockets are 
bistalled for the purpose of collecting the refuse. The number and position 
of the baffles have a marked influence on the boiler efflciency, but there are 
so many factors bearing directly on what constitutes the proper installation 
that it is impossible to set any fixed rules. The arrangement of baffling 
in a number of modem boiler installations will be found in this chapter. 
oier-Cooled Furnaces: Mech. Engrg., Mar. 1926, p. 197. 



Fig. 107. Suspended Arch — Chain-grate 
Stoker. 
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100. Furnaces. — The efficient combustion of fuels for steam genera- 
tion depends chiefly upon the correct design and proper operation of the 
furnace. For each fuel and set of operating conditions, there is a boiler 
and furnace equipment which will give the best returns on the invest- 
ment, but the variables involved are so numerous that each installation 
must be considered by itself. Whatever may he the nature of the fuel or the 
conditions of operation, for complete and efficient combustion, the furnace 
must he constructed and operated in such a manner that the combustible gases 
will be brought into intimate contact 
with the proper amount of air, and 
maintained at a temperature above 
the ignition point until oxidation 
within the combustion zone is com- 
plete. 

For highest heat efficiency, the 
temperature of combustion should 
be the maximum that can be 
maintained, but the brickwork 
employed today will fail if sub- 
jected to the full temperature 
available with most fuels. In fur- 
nace design, therefore, either some 
heat efficiency must be sacrificed 
to maintain the furnace brickwork 
and keep the cost of repairs within 
reasonable limits, or the tempera- 
ture of the walls must be kept 
below the danger point by expos- 
ing a large portion of the boiler- 
heating surface to direct radiation 
and by artificially cooling the re- 
fractories. 

Furnaces for burning oil, gaseous 
and powdered fuels are of the simplest construction, since the fuel is of 
such a nature that it can be intimately mixed with the required amount 
of air and burned in suspension. The dominant factors are artificially 
cooled walls and turbulent burners. 

Furnaces for burning coke, anthracite, and other low-volatile solid fuels 
require no special provisions for a combustion chamber, except for high 
boiler ratings, since the fixed carbon of which they are largely composed 
is burned on or near the grate. Some combustion space, of course, is 
necessary to provide for mixing the air with the CO rising from the fuel 



— Colfax Station, Duquesne Light Co. 
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bed. The greater the volatile content, the larger must be the com- 
bustion space, but the increase is not directly proportional to the volatile 
content. 

Bituminous coal and other fuels high in volatile combustible matter 
require considerable furnace volume, because a large amount of the volatile 
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large part of the volatile matter to be distilled at low temperature, and 
distillation of the volatile matter in presence of oxygen, are the conditions 
prodmtive of smokeless combustion. These conditions are fulfilled by the 
mechanical stoker. On the other hand, in the hand-fired furnace, dis- 
tillation usually takes place at high temperatures and in almost entire 
absence of oxygen, resulting in the production of soot. 

When a fresh charge of high-volatile coal is fed into a hand-fired furnace, 
an enormous volume of volatile matter is evolved. For complete com- 
bustion, a corresponding amount of air must be supplied and intimately 
mixed with the volatile gases before they leave the combustion zone. 
This requirement for variable air supply makes smokeless and economic 
burning of soft coal difficult. Furnace volume alone will not give efficient 
combustion. Complete mixture of air with the combustible gases at high 
temperature is the all-important factor. In fact, furnace volume is merely 
a means of effecting good mixture by lengthening the time of contact of 
gases and air within the proper zone of combustion. An excess of air is 
required, but the amount can be small if the mixing is thorough. 

The furnace volume, for maximum commer- 
cial efficiency, depends upon the size and char- 
acter of the fuel, rate of combustion, air excess, 
direction and length of gas travel, method of 
admitting air, provision for mixing, and so many 
other factors that general niles based on only 
a few of these factors are without purpose. 

Furnace volumes per sq. ft. of boiler-heating 
surface, or per sq. ft. of grate surface, have been 
increasing very rapidly during the past few years 
for large stoker installation as well as for pulver- 
ized coal and oil fuel and have now reached rela- 
tively enormous proportions. Increased furnace 
volume in externally fired stationary boilers is 
usually effected by increasing the *^head room ” or distance from the boiler- 
room floor to the bottom of the front header. Ten years ago, vertically 
baffled boilers of the B. & W. type were commonly set with head room as low 
as 7 ft., while to-day 20 ft. is considered none too high, and 25 ft. has been 
used in several instances. In the low settings, the ratio of furnace volume 
to boiler surface is approximately 1 to 10 and in the 25 ft. setting this ratio is 
nearly 1 to 1.2. The greater the ratio of furnace volume to boiler surface, 
the higher will be the overload capacity and the higher the efficiency at 
overloads. But high-set units cost a great deal more than those with com- 
paratively low head room, and the first cost and furnace maintenance is 
much higher. Furthermore, as the volume is increased, first cost and 


Clam] 
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maintenance cost mount steadily, while efficiency increases more and more 
slowly. In furnace design the trend is toward the development of more 
B.t.u. per cu. ft. of furnace volume, which is equivalent to providing a 
smaller furnace for a given boiler output. With plain refractory walls boiler 
capacities for most coals are limited to approximately 200 per cent rating; 
with air-cooled refractories 300-450 per cent appears to be the economical 
limit; while with water-cooled walls, alone or in conjunction with radiant- 
type superheaters, 1200 per cent has been reached and this does not appear 
to be the limit. Water-cooled walls are composed of a number of elements, 
consisting of either plain tubes, finned tubes, or metal-protected tubes, 
arranged side by side and connected at the ends to suitable headers. The 



Wall. 



Fig. 1106. C-E Fin 
Wall. 


lower header is ordinarily connected through down-take pipes with the 
boiler drum and the upper header through up-take pipes with the steam 
drum, the assembled section forming a part of the general boiler circulation. 
A few well known designs are illustrated in Figs. 110 to 1106. Heat 
transfer rates in water-cooled walls in excess of 75,000 B.t.u. per sq. ft. of 
tube surface per hr. have been obtained in practice and this does not 
appear to be the limit. 

Water Cooled Walls: Trans. A.S.M.E., Vol. 48, 1926, p. 371; Vol. 47, 1925, p. 92. 
Power Plant Engrg., July 15, 1926, p. 787; Feb. 15, 1927, p. 113. Prime Movers 
N.E.L.A. Report, No. 267-33, 1927. Power, July 26, 1927, p. 129. Combustion, 
Nov., 1927, p. 293. Mech. Engrg., Dec., 1927, p. 1300. 


101. Grates. — Stationary grates for hand-fired furnaces are generally 
made of cast-iron sections in a variety of shapes, as illustrated in Fig. 111. 
The bars are ordinarily from 3 to 6 in. deep at the center (this makes them 
strong enough to carry the load caused by the weight of the fuel without 
sagging even when the top is red hot), 3/4 in. wide at the top, and taper 
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to 3/8 in. at the bottom to enable the ashes to drop clear. The width of 
the air space is determined by the size of the fuel to be used and the air 
pressure. It is common practice to allow 1/8, 1/4 and 5/16 in. air spaces 
for No. 3, 2, and 1 buckwheat, respectively; 3/8 in. for pea coal, and 1/2 
in. openings for bituminous coal. 

The Tupper and Herringbone grate bars are stiffer and less likely to 
warp than the common form, but are not so readily sliced, and therefore 
not so convenient with coal that clinkers badly. Sawdust or pinhole 
grates are used in burning sawdust, tanbark, 
and very small sizes of coal. Grates are often 

. set horizontally and the bars are held in place comn^nBar 

simply by their own weight, but long grates 

are best placed sloping toward the rear to _ Tapper Herrin ^ one^ 

facilitate firing. The front of the grate, when (| l 

designed for bituminous coal, is often made aw-duat 

solid, this portion being called dead plate. S-firL 

It serves to hold the green fuel until the naces. 
hydrocarbons have been distilled off, when 

the charge is pushed back on the open grate at the time of the next firing. 
The length of a single bar or casting should not exceed 3 ft. The length 
of grate may be made of two or three bars and should not exceed 6 ft. 
with bituminous coal, as this is the greatest length of fire that can be 
readily worked by a fireman. With buckwheat anthracite, furnaces 12 
, _ - - — ^ ft. in depth are not unusual as 

anthracite fires require no slicing. 

The disadvantage of using sta- 
tionary grates is that the fire is 
not easily cleaned. Unless the air 
spaces arc kept free of clinkers and 
ashes, combustion is hindered and 

the fire rendered sluggish. Pre- 
Fig. 112. A Typical Shaking Grate. ^ i • u • 4 . 

^ quent cleaning, however, is waste- 

ful of fuel and reduces the furnace efficiency by letting in a large excess 
of air every time the fire door is opened. In small plants where larger 
sizes of anthracite are burned, the plain grate is probably as satisfactory 
as any; the shaking or rocking grate is to be preferred with coals that 
clinker and have high ash content. Anthracite dust, silt, culm, and 
screenings are burned on grates with small openings, and require 
mechanical draft. 

Shaking grates have the advantage of permitting stoking without 
opening the fire door, and require less manual labor than stationary 
grates. There are many types of sectional shaking grates on the market 


iimi 


Fig. 112. A Typical Shaking Grate. 



214 


STEAM POWER PLANT ENGINEERING 


and some of them are made self-dumping. A popular type is illustrated 
in Fig. 112. Each row or section of grate bars is divided into a front and 
a rear series by twin stub levers and connecting rods. An operating 
handle is adapted to manipulate either one or both of the levers in such a 
manner that the front and rear series may operate separately or together. 
The shaking movement causes no increase in the size of the openings and 
hence prevents the waste of fine fuel. Ordinarily, the width of the grate 
is made equal to two or more rows of grate bars, so that the live fire may 
be shoved sidewise from one row to the other when cleaning. A depth of 
fire of from 6 to 10 in. is carried, according to the nature of the fuel and the 
available draft. Manually operated inclined shaking grates, which give 
the fuel a progressive forward motion, are usually designated as hand- 
stokers (see paragraph 107). 

Mechanical Stokers, see paragraph 108-111. 

Plain Furnace and Hand-fired Setting. — This so-called “ stand- 
ard setting, Fig. 113, is intended primarily for anthracite and low- 



Fig. 113. Retum-tubular Boiler with Plain Furnace Setting; Flush Front. (Not 
Suitable for High-volatile Coals). 


volatile bituminous coals. Thousands of these settings are scattered all 
over the country, and a large number, in the Middle West, are used for 
burning high-volatile bituminous coal. Anthracite and low-volatile bi- 
tuminous coals require the simplest type of furnace, because combustion 
takes place principally in the fuel bed, and, for ordinary rates of driving, 
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only a small combustion volume is necessary. For this reason the plain 
setting, which is the simplest and cheapest that could be devised for steam 
generation, gives satisfactory results with these fuels. With high volatile 
coal the furnace is inadequate and it is almost impossible to operate the 
boiler without the production of objectionable smoke, except after the 
volatile matter has been distilled from the coal. Increased combustion 
space obtained by raising the boiler may promote better combustion, but 
the air and combustible gases have a tendency to flow in parallel streams 
without mixing, and particularly so at low rates of combustion. In or- 
dinary practice, boilers should be set at a height above the dead plate not 
less than 0.25 of the grate length plus the height of the bridgewall. Head 
room alone will not effect smokeless combustion, however; mixing devices 
of some sort are necessary adjuncts. 

The installation of this style of setting is not permitted where smoke 
ordinances are enforced. Fuel economy depends so much upon the 



Fig. 114. Heine Boiler with Plain Furnace. Hand-fired. 
(Modem Setting for Anthracite Coal). 


correct design of furnace and setting that, even where there are no re- 
strictions, it is inadvisable to install these standard settings without 
advice from some competent combustion engineer. 

A modem design of plain hand-fired furnace, as applied to a Heine 
longitudinal-drum boiler and suitable for burning anthracite, is shown 
in Fig. 114. 
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103. Plain Furnace and Setting with Steam Jets. — The oldest device 
for reducing smoke in the plain furnace and setting is the steam jet. The 
main purpose of the jet in this connection is to mix the air and gases and 
insure intimate mixture of the products of combustion. This action is 
purely mechanical, the steam in itself not being a supporter of combustion. 
The claims sometimes made that steam increases the calorific power of 
fuel are, of course, erroneous. When steam comes into contact with in- 
candescent carbon it combines with the carbon, forming CO and CO 2 , 
and the H 2 is liberated. Except in the absence of sufficient air for com- 
plete combustion, the CO and H 2 immediately recombine with the oxygen 
from the air to form CO 2 and H 2 O. As the heat liberated by the final 
combustion of CO and H 2 to CO 2 and H 2 O, respectivel}’^, is the same as 
that required to break down the H 2 O to CO and H 2 , there is no gain in 
heat. There are conditions, with certain grates of coals and refuse, under 
which a moderate amount of steam injected through the fuel bed prevents 
clinkering and promotes complete combustion, but such results are due to 
increase in available heat and not to increase in calorific power. The 
heat necessary to superheat the steam to stack temperature must be 
charged against the coal pile, but the loss may be more than offset by this 
increase in available heat. There is no question as to the value of properly 
installed steam jets in maintaining smokeless combustion under certain 
conditions and with certain classes of fuels, but, as a general rule, they 
are looked upon as makeshifts by experienced smoke inspectors and others 
competent to judge them. A plain furnace with steam jet equipment, 
either manually operated or automatic, will usually average from 8 to 12 
per cent smoke density with Illinois coals (see paragraph 354). A smoke- 
less stack is not a true indication of efficient operation, since the air dilu- 
tion may be excessive and the heat demands of the steam jets may be very 
great. Since air requirements are greatest at the moment of firing fresh 
coal, and the demand diminishes as distillation of the volatile matter 
progresses, steam jets need close regulation for best economy. If per- 
mitted to run continuously, as is often the case, they may use considerably 
more of the energy of the coal than they save by effecting smokeless com- 
bustion. Practically all of the so-called smoke consumers for hand- 
fired furnaces depend upon the steam jet, or admission of air only above the 
fire, for their operation. In most of these the jets are automatic and oper- 
ate independently of the fireman. The most efficient jets are those based 
on the injector or siphon principle in which the jet induces a flow of air 
along with the steam. The steam nozzles are usually placed in the front 
wall, spaced equally across the setting on 18-in. centers, and are charged 
downward toward the bridgewall, as illustrated in Fig. 117. Occasionally 
they are placed in the side wall or even in the bridgewall, but the front 
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wall construction appears to be the best. Many of the patented smoke- 
less furnaces involving the use of the steam jet do not conform with the 
requirements of the Chicago Department of Smoke Inspection, chiefly 
because of faulty furnace design. 

Steam jets use from 2 to 15 per cent of the steam generated by the 
boiler, depending upon the size of the boiler, load carried, number, shape 
and size of nozzles, initial steam conditions, and whether or not they are 
permitted to discharge intermittently or continuously. The nozzles 
should be designed for maximum velocity, since velocity, and not quantity, 
of steam is the important factor. The weight of steam discharged through 
the nozzles may be closely approximated by Napier^s rule, equation (280). 
See also Table 51. 

104. Hand-fired Dutch Ovens. — One of the earliest attempts at hand- 
fired smokeless furnace construction for high-volatile coals consisted in 
placing a full extension Dutch oven, 

Fig. 115, in front of the boiler. This 
provided a large combustion cham- 
ber, but the setting was extravagant 
in floor space and the intense radia- 
tion from the incandescent furnace 
lining effected a too rapid distillation 
of the volatile matter from the green 
fuel. Steam jets placed at the sides 
of the setting and blowing across the 
fire assisted in mixing the gaseous 
products but did not satisfactorily 
solve the problem. By placing the oven partly (semi-extension) or com- 
pletely (flush front) underneath the boiler proper, the extra space require- 
ments were reduced or completely eliminated, but a considerable portion of 
the heating surface was insulated from the fire at the expense of capacitv. 
The next step was to remove part of the oven roof and expose the boiler 
surface to the direct action of the fire. This increased the economy and 
capacity of the setting but still failed to effect the desired result. Plain 
Dutch ovens for hand-fired service, wherever they may be located, are 
not productive of smokeless combustion without some sort of stoker or 
mixing device. Dutch ovens, or their equivalent, are generally used in 
burning fuels of high moisture content, such as tanbark, bagasse, and wood 
refuse, in order to provide a large surface of heated brickwork for the dis- 
tillation of the water. 

105. Chicago Settings for Hand-fired Return-Tubular Boilers. — Fig- 
ures 116 to 119 give details of settings for hand-fired return-tubular 
boilers which conform with the ordinance of the Chicago Department of 



Fig. 115. Plain Hand-fired Dutch 
Oven — Full Extension. Suitable 
for Tanbark. 
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116. Double-arch Bridgewall Furnace; Chicago setting. 



run SECTION THROUttrt C-0 
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Health, Division of Smoke Inspection. The setting shown in Fig. 116 
and known as the Double-arch Bridgewall Furnace, or Department No. 7 
Furnace (modified), is intended for low-pressure work where steam jets 
are not effective and where the rate of combustion is 15 lb. of coal per sq. 
ft. of grate surface per hr. or less. The'construction consists of a double 
arch over the bridgewall (the combined area of the two arches approxi- 
mating 25 per cent of the grate area) a coking arch over the grate, and a 
deflecting arch at the rear of the bridgewall. Green fuel is fired in large 
quantities in front of the coking arch until distillation of the volatile 
matter is complete. The volatile gases are forced to pass under the 
coking arch and over the incandescent coke at the back of the grate. 
From this point the gaseous products arc split into two streams by the 
center pier of the twin arch, and flow in two streams through the two 
retorts formed by the double-arch bridgewall. On leaving the bridgewall 
retorts, the gasps impinge against the rear or deflecting arch. 

The deflecting arch compels the whole volume of gas to change its 
direction of travel by 90 deg. This arrangement of arches effects an 
intimate mixture of combustible gases and air at high temperatures, and 
results in practically smokeless combustion. Auxiliary air is admitted 
over the fire through panel openings in the fire door. The usual practice 
is to cut a panel opening in the fire doors having an aggregate area of 4 sq. 
in. per sq. ft. of grate surface. This type of furnace can be used in con- 
nection with horizontally baffled water-tube boilers as well as with hori- 
zontal shell boilers. 

Figure 117 gives the general dimensions of what is known as the No. 8, 
or Misostow furnace, for high-pressure boilers. Since its adoption approxi- 
mately 85 per cent of the hand-fired furnaces installed in Chicago have 
been of this design or modifications of it. The No. 8 furnace consists es- 
sentially of a number of vertical fire-brick piers — a center or “ V ” pier 
extending from the combustion chamber floor to a point within 2 in. of 
the shell of the boilers and following the curvature of the shell, and two 
side piers or wing walls extending from the combustion chamber floor to a 
point within 2 in. of the shell at the thick part of the pier. The opening 
between the side walls and the edges of the ** V pier is 25 per cent of the 
grate area. On the top of the rear end of the wing wall, a 4 1/2-in. bulk- 
head is constructed for the purpose of forcing the gases to descend and 
pass between the edges of the two wing walls. 

Auxiliary air is admitted over the fire through the fire doors, or in cer- 
tain cases through the agency of steam jets. The air admitted below and 
above the grate is forced into intimate contact with the products of combus- 
tion by the mixing action of the piers. The dimensions in Fig. 117 refer 
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to a specific set of conditions and are not general. This furnace should be 
fired by the alternate method. 

Figure 118 illustrates the Step-down Arch Furnace as developed by 
Frank A. Chambers, Deputy Smoke Inspector. As will be seen from the 
illustration, the furnace construction consists essentially of a series of 
arches placed in the combustion chamber at a short distance back of the 
bridgewall. These arches are built in separate rings, independent of one 
* another, and form a series of steps, so that the crown of the last ring is 
slightly below the top of the bridgewall. The gases, after impinging 
against the arch, are gradually deflected downward into a high tempera- 
ture zone formed by the rear face of the bridgewall, the combustion- 
chamber floor, and the face of the arch. This permits the expansion of 
the gases, and at the same time effects a very intimate mixture of the 



Fig. 118. Chambers Step-down Arch Furnace; Chicago Setting. 


products of combustion. The portion of the combustion-chamber floor 
in the back of the arch is inclined to the rear of the combustion chambers 
at an angle of 30 deg., and deflects the gases on to the rear end of the 
boiler shell. It also transmits radiant heat to the front end of the shell. 
The draft resistance of this construction is very low, and the cost is less 
than that of any of the other standard furnaces described in this para- 
graph; moreover, with the exception of the step-down arch, it is a per- 
manent part of the boiler setting, insuring durability and low maintenance 
cost. This type of furnace is adaptable to both high- and low-pressure 
boilers; in the operation of the latter, the coking method of firing should 
be adopted, and in the high-pressure boiler practice, either the coking or 
alternate method of firing. Steam jets should be supplied as auxiliary 
equipment where the boiler pressure permits their use, and in all cases, 
aiTangements for air admission over the fire should be made. The di- 
mensions in Fig. 118 are not general and apply only to a specific set of 
conditions. 
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The following head room requirements, or heights of shell above dead 
plate, are standard for ‘‘ Chicago settings. 


Diameter of Shell 

In. 

Dead Plate to Shell 

In. 

Diameter of Shell 

In. 

Dead Plate to Shell 

In. 

42 

28 

66 

34 

48 

30 

72 

36 

54 

32 

78 

38 

60 

34 

84 

38 


106. Down-draft Furnaces. — Figure 119 shows the application of a 
Hawley down-draft furnace to a Heine water-tube boiler. In this furnace 
there are two separate grates, one above the other, the upper one being 
formed of parallel water tubes connected with the water space of the 
boiler through the steel headers or drums, A and Z>, in such a manner as 
to insure a positive circulation. Fuel is supplied to the upper grate, the 

lower one, formed of common 
bars, being fed by the half- 
consumed fuel falling from the 
upper grate. Air for combustion 
enters the upper fire door, which 
is kept open, and passes first 
through the bed of green fuel on 
the upper grate and then over 
the incandescent fuel on the 
lower grate. A strong draft is 
required, owing to the relatively 
small upper grate area and the 
correspondingly high rate of com- 
bustion. Lump coal gives better 
results than the smaller sizes, as the latter are apt to fall through 
the upper grate before being even partially consumed, and when such is 
the case efficient results cannot be obtained. If carefully manipulated, 
this furnace, with fire-tiled tubes as illustrated in Fig. 119, gives satis- 
factory boiler efficiency and smokeless combustion, but its overload 
capacity is limited. Without the fire tiling, smokeless combustion is 
possible only at light loads. 

The down-draft furnace is remarkably successful on low rates of com- 
bustion, 10 lb. per sq. ft. per hr. or less, and is used extensively for heating 
loads. It is not much in evidence in high-pressure plants. 

107* Hand Stokers. — Automatic mechanical stoking is unquestionably 
superior to hand stoking in so far as heat efficiency and smokeless 



Fig. 119. Hawley Down-draft Furnace. 
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r of PushoM la /Irinspearcioi 



operation are concerned; but there is a limit in size of boiler below which 
the overall economy, measured in dollars and cents, may be less with the 
former than with hand-operated equipment of proper design. Automatic 
stokers, as a rule, are high in first cost, and if they are applied to small 
furnaces the fixed charges, maintenance, and operating costs, may offset 
the saving in fuel. This is frequently the case where the automatic 
stoker effects no reduction in the firing forces and where the plant 
operates on a limited hour schedule. There are several types of hand- 
operated stokers on the market which simulate the action of the automatic 
mechanical type. When properly 'installed and manipulated, they are 
a great improvement over hand stoking, as regards reduction of labor, 

smokeless combus- 

tion and eflSciency. 

The particular equip- 
ment illustrated in 
Fig. 120 consists of 
a set of stationary 
inclined grate bars, 
two rows of rocking 
bars or pushers, and 
two sections of hori- 
zontal dump plates. 

The pushers and 
dump plates are 
operated from the 
front of the furnace 

Dump £lsto open 

t roug t e agency ^ Typical Hand-operated Stoker. (National.) 

of suitable levers. 

Green fuel is fed to the dead plate and the upper end of the stationary 
grate, where it is ignited and coked by the heat radiated from the ignition 
arch. Before a new charge is put in, the coked coal is forced on to the 
pushers by means of a hoe or shovel. The action of the pushers moves 
the fuel forward and at the same time breaks up any clinkers. Ash is 
discharged into the ashpit by lowering the dump plate. Among the well- 
known types of hand-operated stokers may be mentioned the Huber, 
Cokal, National, Auburn, Files and Budd. 

108. Mechanical Stokers. — Continuous feeding of the fuel and uniform 
distillation of the volatile matter in the presence of oxygen are the 
essential requisites for efficient and smokeless combustion, and it is for 
this reason that mechanical stokers, as a class, are more effective in pro- 
ducing high combustion efficiency and in preventing smoke than any ap- 
paratus accompanied by intermittent firing. In addition to increased 



Dump £lsto open 


Fia ’120. A Typical Hand-operated Stoker. (National.) 
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efficiency, they effect a saving in labor and a gain in flexibility of operation. 
Mechanical stokers, particularly those of the forced-draft type, are capable 
of responding promptly to high and sudden overloads, and of being brought 
to full steaming capacity from a banked fire or cold grate in a remarkably 
short time. 


TABLE 33 

SETTINQ HEIGHTS FOR VARIOUS TYPES OP BOILERS EQUIPPED WITH STOKERS 
(Min. «• abaolute minimum; P.M. » preferred minimum, i.e., the minimum heights recommended.) 

(H. F. Lawrence) 


Type of Stoker to be Installed 



Multiple 

Retort 

Under- 

feed 

Single- Retort 
Underfeed 

Side 

Over- 

feed 

Front 

Over- 

feed 

Chain Grates 

Type of Boiler 

Taylor, 

Westing- 

house, 

Riley, 

Jonas 

A-C 

TypeK 

Jones 

Single- 

Retort 

Murphy 

Detroit 

Roney 

Natural 

Draft 

Forced 

Draft 


Min. 

Pk 

d 

S 


d 

S 


d 

S 

Pk 

Min. 

P.M. 

d* 

s 

a 

d 

S 


Water-tube: 

Horizontal 

10' 

12' 


12' 

8' 

10' 

8' 

11' 

8' 


10' 

12' 

12' 

14' 

Inclined (Hor. M.D.) 

7' 

8' 

6' 

8' 

m 

8' 

5' 

7' 

6' 

8' 

6' 

8' 

7' 

8' 

Inclined (Vert. M.D.) 

5' 

6' 

5' 

6' 

3 '6" 

5' 

3'6" 

5' 

.re" 

6' 

3'6" 

5' 

6' 

8' 

Vertical (Hor. M.D.) 

3' 

4' 

3' 

4' 

3' 

4' 

3' 

4' 

3' 

4' 

3' 

4' 

3' 

4' 

Vertical (Vert. M.D.) 















150-hp 

4'6" 

6' 

4'0" 

5' 

4 '6" 

5' 

3'3" 


3'6" 

4 '6" 

4'1" 

4'7" 

6' 

5 '6" 

260-hp 

5'6" 

6' 

5'6" 

6' 

5'6" 

6" 

3 '3" 


3'6" 

4'6" 

4'1" 

4'7" 

6' 

5'fl" 

600-hp 

6' 

6'6" 

6' 

6'6" 

B1 

6'6" 

3 '3" 


3'6" 

4'6" 

4'1" 

4'7" 

6' 

6'6" 

Horizontal Return-Tubular: 















72.in 

8' 


8' 


7' 


7' 

8' 

6' 

8' 

7' 

8' 

8' 


84-in 

8' 


8' 


7' 


7' 

9' 

6' 

8' 

7' 

8' 

8' 



Dkiinitions of Setting Heights 


Water-tube, horisontsl Floor line to bottom of header above stoker 

Water-tube, inclined Horisontal mud drum: floor line to center of mud drum 

Vertical mud drum: floor line to top of mud drum 

Water-tube, vertical Horizontal mud drum: floor lino to center of mud drum 

Vertical mud drum: floor line to top of mud drum 
Horizontal return-tubular Floor line to under side of shell 


Any stoker will bum practically all classes of solid fuels to a certain 
extent, but no stoker is a commercial success with all solid fuejs. Some 
types of stokers are limited to a narrow range in the grade of fuels which 



















BOILER SETTINGS, FURNACES, STOKERS, ETC. 


225 


they can burn economically, while others have a wide field of application. 
For each fuel and set of operating conditions, there is a stoker and furnace 
equipment which will give the best commercial return on the investment; 
but the problem of selection is not always a simple one, as is evidenced by 
the number of changes made from time to time in the furnace equipment 
of some of our most modern installations. The following outline gives a 
classification of a number of well-known American mechanical stokers: 


TRAVELING OR 
Natural Draft 

Babcock & Wilcox Laclede-Christy 
Green McKenzie 

Illinois Playford 


CHAIN GRATE 

Forced Draft 
Coxe Harrington 

Illinois Babcock & Wilcox 

Stowe Westinghouse 


Roney 

Wetzel 


Overfeed 


Frontfeed 

Wilkinson 

Harrington ^^King Coal” 


Sidefeed 

Murphy Model 
Detroit 


Underfeed 

Single Retort 

Jones Roach 

Type ^*E” Iron Fireman ” 


Sprinkler 

Dayton 


Multiple Retort 
Riley Westinghouse 

Tayloi Detroit 

Jones, A. C. Moloch 


Any arrangement of the various groups of stokers with reference to 
their commercial adaptability to the burning of the different classes of 
bulk fuels is unsatisfactory, because of the great variation in the size, 
moisture and ash content, and composition of any particular class of fuel. 
The mere ability to burn fuel is not an index of the commercial success 
of a stoker equipment, since such items as first cost, maintenance, dis- 
position of ash and clinker, capacity, fuel burned in banking, and ability 
to meet sudden changes in load, must be given proper weight. 

The natural-draft chain-grate stoker is highly successful in burning all 
bituminous coals which do not require agitation, such as the middle western 
coals. In fact, agitation during ignition frequently results in the formation 
of objectionable clinker, particularly with coals having low-fusion-point 
ash. Eastern and other coking coals may also be satisfactorily burned 
with natural-draft chain-grates provided with agitating plates, or with 
forced-draft chain-grates where a high temperature can be maintained at 
the front of the furnace where the fuel enters. These coals, however, 
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are better adapted to the overfeed and underfeed stokers which provide a 
sufficient agitation to keep the fuel bed broken up in a uniform and porous 
condition. River coal, small sizes of anthracite, culm, coke breeze, bone 
coal, and low-grade bituminous coals have been satisfactorily burned with 
forced-draft chain-grate stokers, and many installations of natural-draft 
stokers are giving excellent results in burning lignites and the high-mois- 
ture-and-ash coals of Iowa, Colorado, Montana, Wyoming, Alberta, and 
Saskatchewan. 

Properly installed overfeed stokers of either the frontfeed or sidefeed 
t3T)e are adaptable to almost every variety of bituminous fuel and have 
been used successfully with lignite and various other fuels mixed with coal, 
such as tanbark, wood refuse and coke breeze. Coals of low ash content 
do not produce an ash layer of sufficient thickness to protect the grate 
bars, and careful manipulation is necessary to prevent the metal from 
burning. Ignition arches are necessary with all natural-draft overfeeds; 
and, at high rates of combustion, the fuel is apt to avalanche and con- 
siderable annoyance is experienced with clinker because of the high tem- 
peratures under the arch. Overfeed stokers are not much in evidence in 
the large modern central station. 

AU underfeed stokers are well adapted for burning high-grade caking 
and low-ash free-burning coals, and the great majority of the modern 
eastern power plants are equipped with stokers of this type. Underfeed 
stokers of the self-cleaning type are used to a limited extent with the 
high-ash free-burning coals of the Middle West but are not as satisfactory 
as the chain-grate. With proper furnace construction, underfeed stokers 
may bum small sizes of anthracite or culm when mixed with a certain 
percentage of bituminous and lignite, but the forced-draft chain-grate 
appears to be the better investment for these fuels. 

Setting heights for various types of boilers equipped with stokers, as 
specified by H. F. Lawrence,^ are given in Table 33. 

Stoker Equipment and Furnaces: Report of Prime Movers Committee, N.E.L.A., 
No. 256-57, June, 1926; No. 278-49, June, 1928. 

109. Traveling or Chain-grate Stokers. — The chain-grate stoker is 
one of the most popular forms of automatic stokers for burning small 
sizes of free-burning coal from the Central States, and is highly successful 
in burning lignites and many classes of low-grade coals which do not re- 
quire agitation during the distillation process. While differing in details 
of construction and in method of driving, the various types of chain-grate 
stokers, natural or forced draft, are basically identical in general design. 
The stoker proper consists essentially of a wheel-mounted truck equipped 

^ The Design and Operation of Underfeed Stokers: T^ans. A.S.M.E., Vol. 44, 1922. 
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with an endless chain of grate bars. The chain is carried over sprockets 
at the front and rear ends of the truck and is guided and supported by 
suitable guide rails or slides. In the older designs, the driving mechanism 
consists of a gear train actuated by ratchet and pawls, the arm carrying 
the latter being given a reciprocating motion by an eccentric mounted on a 
line shaft. The line shaft may be driven by any type of engine or motor, 
and the speed of the grate (1 to 12 in. per min.) regulated by varying the 
stroke of the arm carrying the pawls, or by varying the speed of the 
driving motor. In the new designs, the line shaft and eccentric are dis- 
pensed with, and the driving motor is geared to the grate. In the latter 
case, a variable-speed motor, or a constant-speed motor actuating a vari- 
able-speed transmission device, is necessary. The power required to drive 
traveling grates is very small and ranges from 1 to 15 hp. depending upon 

the size of stoker and 
rate of feeding. In 
the majority of the 
older natural-draft 
designs, air flows 
through the entire 
upper and lower chain 
as in any stationary 
grate, while in the 
newer types, the flow 
is regulated by a series 
of independently con- 
trolled dampers placed 
immediately below 
and traversing the 
rear half of the upper 
chain. In all forced- 
draft types, air is 
forced through the 
upper chain only, the 
flow being distributed 
by a number of separate compartments, each under damper control, occupy- 
ing the entire space between the chains. These compartments communi- 
cate on one or both sides to a common air duct. In some designs any 
compartment can be operated on forced or natural draft or closed off 
entirely. In all chain-grate stokers the resistance of the fuel bed de- 
creases toward the rear end of the grate. With the multi-compartment 
forced-draft type, the air pressure can be regulated to meet the variation 
in resistance and thereby effect proper combustion with minimum air 



Fig. 121. Coxe Stoker Installation. Calumet Station, 
Commonwealth Edison Co. 
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excess. As pressures higher than 2-in. of water are seldom necessary, 
the power requirements for forced draft are less than with an underfeed 
stoker of the same capacity. Air leakage around the sides and back end 
of the chain and air excess through the thinner fuel bed at the rear of the 
grate is guarded against in several ways. Leakage around the sides is 
reduced by adjustable ledge plates imbedded in the side walls and making 



Fio. 122. Illinois Forced-draft Chain-grate Installation for Burning No. 3 
Buckwheat Anthracite. 


a rubbing seal with the stoker chain. In some forced-draft installations, 
water boxes are imbedded in the side walls immediately above the grate, 
so as to prevent the formation of clinkers. Air excess through the rear 
end of the fuel bed is reduced in some natural-draft designs by the in- 
sertion of sheet-metal dampers or baffles below the upper chain, and in 
others by a water back which compresses the fuel bed, making the rear 
portion denser than the front. In the forced-draft type, the supply of 
air to each compartment may be controlled to meet the corresponding 
resistance of the fuel bed, and in case of a short fire the draft may be cut 
off entirely. Leakage around the end of the chain is prevented by a water 
back or by swinging dampers and stationary baffles or seals. The water 
back also presents a water-cooled surface to which clinker will not adhere, 
eliminates burning off the bridgewall, retains the incandescent carbon on 
the grate until it is more thoroughly burned, and decreases furnace main- 
tenance. Water backs usually form part of the boiler-heating surface, 
since the heat absorbed by the water in passing through the box is from 
1 1/2 to 6 per cent of that absorbed by the entire boiler, but in some 
cases the cooling-water supply is independent of the boiler. 

All chain-grate stokers require an ^^nition arch for the double purpose 
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of igniting the incoming fuel and directing the products of combustion 
into the lower portion of the heating surface of the boiler. The width 
of the arch is dependent upon that of the grate, but the weight, length, 
and slope are functions of the desired rate of combustion, percentage 
of volatile combustible in the fuel, calorific value of the fuel, and the 
stoker length: While general rules are available for approximating the 
correct proportion of ignition arches, they should be considered only 
for preliminary layouts because of the great number of variables not 
included in these rules. Stoker manufacturers arc in a position to fur- 



Fig. 124. Harrington Forced-draft Traveling-grate Installation for Burning 
Coke Breeze. Longitudinal Section. 


nish specific data and they should be consulted before adopting any 
final design. The curves in Fig. 126, compiled by T. A. Marsh,, give 
some idea of the relation between the length of arch and ignition rate 
for free-burning bituminous coal containing 25 per cent volatile matter. 
Dimensions of arches and furnaces for burning a few classes of fuels 
with chain-grates are given in Fig. 121-125. It will be noted that the 
length of stoker as usually installed is such as to require a furnace exten- 
sion beyond the front line of the boiler wall. 

The chain-grate bums coal progressively and the operation is entirely 
automatic. The green fuel enters the furnace at one end, passes through 
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Stirling BoJer 

Boiler Heating ^face 10,012 Sq. Pi. 
Furnace Volume 2,500 Cu. Ft 


the various stages of combustion, and ash is discharged from the furnace 
at the other end. Since the fuel and chain move together there is no 
agitation of the fuel bed, an ideal condition for free-burning fuels. Caking 
coals, however, usually 
require agitation during 
the ignition stage be- 
cause of the swelling 
and fusing action of 
the fuel under the igni- 
tion arch, and for this 
reason the natural- 
draft chain-grate is not 
suitable unless provided 
with coking plates im- 
mediately under the 
front of the arch. Com- 
bustion rates up to 40 
lb. per sq. ft. per hr. 
can be secured with 
this arrangement, but, 
above this rate, the 

ashpit loss increases i 

rapidly, and burning Harrington Forced-draft Traveling Grate, 

of the grate sur- Side Sectional Elevation, 

face becomes serious. 

Forced-draft chain-grates burn caking coals satisfactorily without agita- 
, tien, because the fuel bed can be increased to the proper thickness and 

the air supply regulated so as to maintain 
a high temperature where the fuel enters 
the furnace. This permits combustion 
of the volatile matter without caking of 
the solid particles. 

Natural-draft chain-grates are gener- 
ally installed where the capacities de- 
- -0 100 200 300 400 MO 600 MO sanded to meet the station load are 

Pound, of of Grate withiu Tange of the natural draft avail- 

TM io« T> able and where the load demand is 

Pig. 126. Relation of Arch Length . , , , l • 

to Ignition Rate. Natural-draft ^ 

Chain-grates. pated sufficiently far ahead to permit 

building up furnace conditions to meet 
them. Rates of combustion of various fuels with chain-grate stokers 
are given in Table 26. Several types of stokers with furnaces for burning 


inMnssai 


100 200 300 400 600 600 700 

Ignition Rate 

Pounds of Coal per Foot of Grate 
Width per Hour 
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different classes of fuels arc shown in general detail in Fig. 122 and Fig. 
125. See also paragraph 78. 

With high-moisture, high-ash, low heat-value bituminous coal, over-air 
injection from nozzles located in the ignition-arch curtain wall (see Fig. 
412) shortens ‘‘long flaming,’^ permits of a higher CO 2 content without 
the formation of unbumed combustible in the gases, reduces slag and soot 
deposit in the first pass, and effectively eliminates smoke. 

The Development and Use of the Modem Chain Grate: T. A. Marsh, Trans. A.S.M.E., 
Vol. 44, 1922, p. 773. 

Improving a Chain Grate Boiler Furnace: Power Plant Engrg., Mar. 1, 1924, p. 272. 

110. Overfeed Stokers. — In stokers of the overfeed type, coal is 
pushed in automatically at the top of a sloping grate, coked by the aid of 
an ignition arch, and fed downward progressively by the movement of the 
grate bars aided by gravity. Ash and clinker collect at the bottom, where 
they are crushed by rolls or dumped. Overfeed stokers are used with all 

grades of coal and 
are quite common 
in the older central 
stations and in 
power plants where 
the boiler units 
are not very large. 
Arches of the 
sprung or sus- 
pended type are 
used for ignition 
and coking. There 
are two basic types 
of overfeed stokers: 
the frontfeed, in 
which the grates 
slope from the front to the rear of the furnace; and the sidefeed, in which 
the grates are inclined from the side to the center of the furnace, forming 
a V-shaped receptacle. 

The Wetzel stoker, Fig. 127, operates on natural draft and is of the 
frontfeed class. It consists of a cast-iron front on the outside of which is 
arranged the coal hopper, driving mechanism, and regulators; on the in- 
side, a frame upon which are assembled the coking grate, main grate and 
dumping grate. Every alternate grate bar of the main grate is movable, 
and the intermediate bars are stationary. Coal is fed into the hopper, 
from which it is automatically pushed to the dead plate and coking gratesi 



Fig. 127. Wetzel Overfeed Stoker — Sectional Elevation. 
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where ignition and distillation take place. The coking grate, driven by 
a link connection to the pusher, moves the coal on to the main grate, 
where the sawing action of the movable bars causes it to travel slowly 
down the incline to the dumping grate. When sufficient ash has been 
accumulated on the dumping grate, a lever is thrown from the front and 
the ash is discharged into the ashpit. The coking grate contains a very 
large percentage of air space, the upper part of the main grate a somewhat 
smaller percentage, the lower part still less, and the dumping grate a very 
small percentage. Other well-known makes of the frontfeed type are 
the Roney and the Wilkinson. 

In the Roney stoker, the grate bars are placed horizontally to the frame 
and form a series of steps. Each step is rocked back and forth between a 
horizontal position and an inclination toward the back of the furnace, thus 
pushing the burning fuel downward from step to step. 

In the Wilkinson stoker, the inclined grate bars are hollow and are 
arranged side by side, every alternate bar being movable. When in 
motion there is a constant sawing action of the grate bars. A small 
steam jet is introduced into the end of each hollow grate bar and induces 
a large part of the air required for combustion. This stoker is intended 
primarily for the burning of fine anthracite coal. 

Most of the overfeed stokers are of the natural-draft type and are sel- 
dom operated at more than 200 per cent of rated boiler capacity. The 
Cleveland and Reagan overfeed stokers are exceptions and are intended 
primarily for forced draft. Boiler ratings of 350 per cent have been real- 
ized with the forced-draft type when burning a good grade of bituminous 
coal. 

Figure 128 shows longitudinal and vertical sections through a Harrington 
** King Coal ” automatic stoker as applied to a 72-in. by 18-ft. horizontal 
return-tubular boiler. It may be operated either as a forced-blast or 
natural-draft stoker, and is designed for bituminous or lignite coals. 

There are four steps in the grate surface, arranged as follows: The 
first step is the feed plate with attached grate bars, which forms the floor 
of the hopper and which serves to feed the fuel on to the active grate 
surface; the second step is stationary; the third step reciprocates like the 
first, and the fourth step also is stationary. The various steps are formed 
of grate bars easily removed, having 10 per cent of air space. Being 
designed for heating service, this stoker is independent of high-pressure 
steam. It is driven by an hydraulic or electric motor, and the forced 
blast, when required, is provided by a motor-driven fan. The fuel 
travels from the hopper toward the rear over the successive steps, the 
ash being discharged from the rear, or fourth step, on to the ash ex- 
tractor. This is a plate which reciprocates adjustably and causes the 
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ash to work forward and finally fall over the front end into the pit. The 
speed of this plate is so adjusted as to keep the throat full of ash at all times, 
thus automatically sealing the ash exit against the admission of air. This 
device is built in sizes from 4 to 40 sq. ft. and costs but little more than 
a high-grade hand-operated stoker. 



The Murphy, Model, and Detroit stokers are of the sidcfeed type and 
operate with natural draft. The Murphy stoker, Fig. 129, is in effect a 
Dutch oven equipped with an automatic feeding and stoking device. 
Coal is introduced either mechanically or by hand into the magazine at 
each side of the furnace and above the grate and descends by gravity 
upon the coking plate. Reciprocating stoker boxes push the coal upon 
the grate bars. Every alternate grate bar is movable and pivoted at its 
upper end. A rocker bar, driven by a small motor or engine, causes the 
lower ends to move up and down, this action producing the required 
stoking effect. A device for grinding up the clinker and ash is provided 
as shown at *the bottom of the furnace. Preheated air is supplied to the 
green coal through air ducts in the arch plate, and the speed of the stoker 
boxes and grate bars can be regulated to conform to any rate of com-^ 
bustion. Stokers of the sidefeed type are characterized by large stoking 
space per foot of grate area and an ample combustion chamber. Under 
careful operation, they operate smokelessly with free-burning coals from 
tiie Middle West, up to 200 per cent of rated boiler capacity. Because 
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of the high furnace temperature, considerable manipulation by the fire- 
men is frequently necessary in clearing the grate of clinker. 

Overfeed Stokers of the Inclined Type: Trans. A.S.M.E., Vol. 44, 1922, p. 7S7. 

111. Underfeed Stokers. — Underfeed stokers utilize the gas-producer 
principle. Green coal is fed to the lower layer of the fuel bed and is 
gradually pushed up and coked, giving up its volatile constituents and be- 
coming incandescent by the time it reaches the top layer. The ash or 







Fig. 129. Murphy Stoker and Furnace. 


clinker is forced to the side or back of the fuel bed, where it is removed 
either by hand or by manually manipulated, or power-actuated, dump 
plates. Underfeed stokers have practically supplanted all other types in the 
modern large central stations burning eastern caking coals. The tendency 
of caking coal to swell augments the action of the stoker in producing a fuel 
bed of unusual thickness, and the pushing action of the feeding mechanism 
keeps the bed broken up and porous. The high fusing temperature of 
the ash and the low ash content of the eastern caking coal combine to make 
the cleaning periods infrequent and of short duration. With these coals, 
boiler ratings of 700 per cent have been realized during peak loads. All 
underfeeds are essentially forced-draft stokers, since they operate with 
restricted air openings and very deep fires. Other grades of bituminous 
coals have been burned successfully with underfeed stokers, but con- 
siderable diflBiculty is experienced with clinkers from the low-fusion ash 
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variety. Small sizes of anthracite, culm, and coke breeze have also been 
burned with some success when mixed with bituminous coal. Underfeed 
stokers as a rule require no ignition arches. There are two general classes 
of underfeeds, the single retort and the multiple retort. In practically 
all the former, the retorts are horizontal, while, in the latter, they are 
inclined. 

Figure 130 shows the general principles of the Jones “ Standard ” 
underfeed stoker, illustrating one of the earliest and still extensively used 
designs of underfeed stokers of the single-retort class. It consists of a 



steam-actuated ram with a fuel hopper outside of the furnace proper and 
a fuel magazine and auxiliary ram within. Air for combustion is admitted 
through openings in the tuyere blocks on either side of the retort. Coal 
is fed into hoppers and forced under the bed of fuel in the stoker retort, 
where it is subjected to a coking action. After liberation of the volatile 
gases, the coke is pushed toward the top of the fire. The top of the fire, 
nearest the boiler, is always incandescent. Each charge of coal is given 
an upward and backward movement forcing the ash to the “ dead ” plates 
on either side of the retort from which it is removed by hand. There are 
no live grate bars and hence no need of an ashpit. Air is admitted through 
the tuyere blocks at the point of distillation of the gases. The standard 
size of the retort is about 6 ft. in length, 28 in. in width, and 18 in. in 
depth, and experience has shown that other sizes are not necessary since 
the spaces between retort and side wall of the various furnaces may be 
provided for by extending the width of the dead plates. One or more 
stokers are installed in each furnace, depending upon the capacity of the 
boiler and the width of the furnace. The steam pressure automatically 
controls air and fuel supply, proportioning them to each other anej to 
vajying loads in the correct degree. The result is that the stoker, if 
correctly installed and operated, effects complete and smokeless com- 
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bustion. The only variable element in the operation of this stoker, once 
it is correctly installed, is cleaning of fires, but if the fireman is careful to 
burn down the coals before breaking them up, the production of smoke 
may be avoided. When the fires are being cleaned, cold air rushes into 
the furnace and cools the setting. 

Other and newer types of Jones underfeed stokers are the “ Side Dump/’ 
“ A-C ” and “ Lateral Retort.” The side dump differs from the “ Stand- 
ard ” only by the substitution of sloping grate oars and hand-operated 
dump plates for the hand-cleaned dead plates. This arrangement greatly 
reduces the labor of cleaning the fires. The “ A-C ” stoker is of the 
multiple-retort class and comprises a number of horizontal rams, inclined 
retorts, stationary overfeed sections and single dumping plates. The 

Lateral Retort consists essentially of two ‘‘ A-C ” stokers placed 
back to back in such a way that there is one main retort extending from 
the front wall of the furnace to the bridgewall, with the lateral retorts 
branching off this 
central retort at right 
angles. The ^‘Lateral 
Retort” is particularly 
adapted to boiler units 
of from 100 to 500 hp. 

The medium duty 
“ Type E ” stoker, 

Fig. 131, is another 
well-known example 
of the single-retort 
class. In this stoker the coal is fed by coal-conveying machinery or 
hand labor into the stoker hopper and carried under the fire by 
means of the reciprocating sliding bottom of the retort which runs 
the full length of the retort. The coal is delivered uniformly from 
front to rear by auxiliary pushers, and, as it rises in the retort, it is 
distributed to the arches of the furnace by means of moving fire bars. 
The fire bars move the burning fuel to the dumping tray along each side 
wall, where the resulting ash is deposited. The trays are dumped by a 
ratchet and lever on the outside of the furnace front. The coal-feeding 
capacity per retort varies from 200 to 9000 lb. per hr. Single retorts are 
used for boilers ranging from 100 to 600 hp., double retorts from 500 to 
1300 hp., and triple retorts from 1000 to 2400 hp. Single-retort underfeed 
stokers do not require large ashpits and ash tunnels below the boiler-room 
floor. They are particularly adapted to installations in which more than 
two boilers are placed in a battery, since side doors are not necessary to 
their operation. 



Fig. 131. Type E ” Stoker — Front Sectional 
Elevation. 
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Figure 132 shows a general assembly and Fig. 133 a sectional side 
elevation of a Taylor “ T^e H ” underfeed stoker illustrating the modem 
multiple-retort type. The stoker consists of a series of alternate retorts 
and tuyere boxes inclined as indicated. Each retort is fitted with a re- 
ciprocating piston or ram for feeding and a number of auxiliary pusher 
plates for distributing the fuel; it also has a movable extension grate for 
completing the combustion, and a dumping plate for ash disposal. The 



Fio. 132. General Assembly of Taylor Type H ” Underfeed Stoker. 


extension grates are slowly reciprocated by the same mechanism that 
moves the auxiliary pushers, and the dump plates are dropped and raised 
by a steam cylinder. The rams and feeding system may be operated by 
any type of engine or motor through the conventional crank-shaft drive 
and gear reduction boxes or by means of hydraulic cylinders. The hy- 
draulic drive has the merits of extreme flexibility of control with com- 
plete elimination of breakage due to foreign matter in the coal. A vari- 
able-delivery, reversible-discharge type of pump, driven by a special 
motor, is used to actuate the stoker. The Type H stoker is also 
equipped with rotary ash discharge or clinker grinders when desired. 
The operation of the stoker is as foUows: Coal is fed into the hopper and 
drops behind the feeding rams. These rams push the coal into the top 
of the retorts, crowding upward the fuel previously introduced. Part of 
the green coal moves down the retorts and is pushed into the fire by the 
adjustable-stroke distributing pushers. The fuel bed is from 2 to 4 ft. 




Fig. 133. Taylor ^‘Type IP’ Stoker — Side Sectional lOlevation. 

can be built in any furnace depth from 7 ft. 8 in. to 26 ft. In the latter 
case, the maximum fuel-burning rate would be approximately 3500 lb. 
per retort. 

Figure 134 gives a sectional side elevation of the new model Westing- 
house underfeed stoker. The device consists essentially of downward 
inclined rams, stationary underfeed section, downward inclined adjust- 
able secondary rams, reciprocating overfeed section and side-controlled 
double dumping grates. This stoker uses forced draft for its operation, 
and the air supply is controlled from the front. Air is admitted through 
the casting supporting the front wall, to the underfeed section through 
the tuyeres, to the overfeed section, and to the front and rear dumping 
grate. The rear dumping grate is replaced by a clinker grinder, where the 
character of the fuel and the load conditions warrant this procedure. 
For base-load stations where loads are uniform, clinker grinders are 
especially applicable, but where extreme flexibility is desired the dumping 
grates are preferable. 

The Riley ‘‘ Standard ” underfeed stoker. Fig. 135,’ is of the multiple- 
retort type with an incline of about 20 deg. Instead of stationary tuyeres, 
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it has moving, air-supplying grate blocks, carried by the reciprocating 
sides of the retorts. These retort sides also move the overfeed grates, 
which extend across the entire width of the stoker below the retorts. Be- 
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of refuse. No special shape of wind box is necessary, since the air chamber 
is formed by the boiler side walls and any convenient floor. Air and fuel 
supply may be controlled cither by hand or automatically. In the older 
central stations with large boiler units, it was general practice to use two 
“ standard '' stokers placed opposite each other, so as to permit operation 
at high capacity, but the modern tendency is to install but one stoker of 



Fig. 13(). Typi(;al Modorn Installation of Taylor Stoker. 


sufficient capacity to carry the load. These large stokers are frequently 
designated as super-stokers. Fig. 136 shows a modern installation with 
water-cooled walls and zone air control. 

The Design ami Operation of Underfeed Stokers: by H. F. LawTence, Trans. A.S.M.E., 
Vol. 44, 1922, p. 797; Mech, Kngrg., Oct., 1927, p. 1076. 

Stokers and Furnaces: Prime Movers Report, No. 278-49, N.E.L.A., June, 1928, 

Underfeed Stokers: Trans. A.S.M.E., Vol. 50, No. 33, Dec., 1928, p. 161. 

112. Stoker Drives. — In order to meet the variation in steam demands, 
and hence the changes in rates of combustion, all stoker drives must be 
capable of speed variation. The variable-speed mechanism may be in- 
corporated in the stoker itself; it may be independent of the stoker but 
forming the connecting link between the stoker mechanism and a constant- 
speed motor or engine; or it may be a variable-speed motor or engine 
directly connected to the stoker shaft. Because of the low speed of the 
feeding and stoking mechanism, there is usually a fixed speed reduction 
between driver and stoker shaft. The power requirements are very small 
and vary from 1 hp. or less in the smaller sizes of chain-grate stokers to 
about 25 hp. in the largest designs of underfeed stokers equipped with 
clinker grinders. 
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Because of its ease of operation and installation and wide range of speed 
variation, the single-cylinder piston engine, direct connected, geared or 
belted to the stoker sh^ft, is the simplest and cheapest stoker-drive ob- 
tainable provided the station heat balance permits of its use. Geared 
steam turbines have also been used in this connection but only to a very 
limited extent. 

In the modern central station the stokers are usually driven by electric 
motors. Direct-current motors lend themselves to efficient speed regula- 
tion within rather wide limits and are to be found in many of our latest 
plants. The principal and only real objection to the use of direct-current 
motors is the matter of direct-current generation. In alternating-current 
stations, direct current is obtained by means of direct-current geared 
turbo-generators, synchronous converters, motor-generator sets, and in a 
few cases, from a small direct-current generator mounted on the end of 
the main turbine shaft. In most of the new installations, direct current 
is used at 230 volts, since it is easier to build adjustable-speed motors for 
230 volts than for higher voltages. The usual equipment for direct- 
current motors for stoker drive consists of a protective panel to give 
overload and low-voltage protection and a drum controller and rcsister. 

With alternating-current motors, speed variation is effected as follows: 

(1) A constant-speed motor with a mechanical speed-changing device, 
such as a gear box or a variable-speed transmission, such as the Reeves. 

(2) A wound motor with 2 to I speed control by resistance in the sec- 
ondary and a 2 to 1 gear box, giving a total speed range of 4 to 1. 

(3) A 4-speed squirrel-cage motor giving speeds corresponding to 6, 8, 
12 and 16 poles, with a 2 to 1 ratio gear box making a total range of 8 
fixed speeds. 

(4) A 2-speed wound rotor motor giving speed of 1200 to GOO r.p.m. by 
pole changing with speed control by secondary resistance, thus obtaining 
a total range of 300 to 1200 r.p.m. 

Alternating current for stoker drives is usually supplied at 440 volts. 

Driving Power-house Auxiliaries: Power, Jan. 31, 1922, p. 1G6; May 20, 1924, p. 817. 

Relation of Auxiliary Drives to Heat Balance: Power, Dec. 6, 1921, p. 888. 

Control for Power Station Auxiliary Motors: Power Plant Engrg., June 1, 1923, p. 
681; Power, May 13, 1924, p. 761. 

EUctriedUy Driven Auxiliaries: Prime Movers Report, No. 24-34, N.E.L.A.,Dec., 1924. 

113. Powdered-fuel Preparation. — Although coal may be purchased 
in the open market in powdered form, and custom pulverizing plants are 
equipped to grind lignite, peat, and other fuels upon special order, it is 
usually more economical to prepare the powdered product in a special 
plant at the point of consumption. The portion of the preparation plant 
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that is required for the unloading of the bulk fuel from railroad cars, 
barges, or truck to storage, and transportation from storage pile to boiler- 
room bimkers, differs in no way from the corresponding portion of a similar 
stoker-fired plant. This is also true of the removal of tramp iron, such as 
bolts, nuts, and pick points, by magnetic separators, and the crushing or 
granulating of the lump fuel. In either case, no preliminary crushing is 
necessary if the green fuel is furnished in sizes less than 1.25-in. to 0.5-in. 
screenings, the exact size depending upon the type and size of mill. If 
the crushed green fuel at ordinary room temperature contains less than 1 
or 2 per cent of extraneous moisture (that which is driven off when the 
fuel is exposed to dry air at temperatures ranging from 86 to 95 deg. fahr. 
and designated by the U. S. Bureau of Mines as air-drying loss ”) in 
addition to the so-called inherent free moisture,^ no artificial drying is 
necessary, and the granulated material may be fed to the grinders directly 
from the green-fuel bins or storage. The inherent free moisture does not 
interfere with the operation of grinding, conveying, and feeding, unless 
the fuel has been heated to such a temperature that this moisture is vapor- 
ized and subsequently condensed upon cooling. More than 2 per cent of 
extraneous moisture will reduce the capacity of any pulverizer, and may 
seriously interfere with the conveying and feeding of the powdered product; 
it is therefore customary to dry all fuels in which the extraneous moisture 
exceeds this amount. The maximum permissible moisture ” (as ordin- 
arily determined from the proximate analysis) for economical grinding of 
various fuels is substantially as follows: 



Per Cent 

Range Average 

Per Cent 

Range Average 

Western Bituminous .... 

3-10 6 1 


Eastern Bituminous 

2-8 4 Lignite 5-15 12 

Anthracite 

1- 3 2 Peat 

5-15 12 


This is strictly applicable only to the central or storage system, in 
which the preparation of the fuel is centralized and the powdered product 
is stored. In the unit system, where the fuel is prepared as needed, and 
no provision is made for storing the dust, preliminary dr3dng is ordinarily 
dispensed with. 

The two types of dryers commonly used in connection with storage or 
bin system are (1) the rotary kiln and (2) the rotary or stationary waste- 
heat or bled-steam dryer. The rotary kiln is the earliest type and is still 
used in many power plants. As an apparatus for producing uniformly dry 
coal under all conditions the rotary dryer cannot be excelled. It takes up 
considerable space, however, and is costly to operate, and for this reason 
has peen supplanted to a considerable extent by the waste-heat type. 

' “Moisture” as determined from the proximate analysis less “air-drying loss.” 
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The rotary kiln consists essentially of either a single or a double shell 
fitted with suitable rollers and gearing to permit rotation about the longi- 
tudinal axis. The shell is set at a slope of from 1/2 to 3/4 in. to the foot 
and so arranged that the fuel being dried is subjected to the temperature 
of the products of combustion from an independently fired furnace. The 
products of combustion pass around the outside of the shell (indirect 
heating), through the shell and fuel (direct heating), or both around and 
through the shell, depending upon the type of dryer. In order to prevent 
overheating of the fuel in the directly-fired type, the products of combus- 
tion from the small furnace are heavily diluted with air so as to lower their 
temperature. The shell rotates at 1 to 3 r.p.m., and, owing to its slope, 
forces the fuel to gravitate from one end to the other. It requires from 
30 to 50 minutes for the fuel to pass through the shell. 



Figure 137 shows a general assembly of a Fuller-Lehigh dryer illustra- 
ting the single-shell, indirectly-fired type. The cycle of operation when 
burning Illinois screenings is also shown. The Bonnot dryer is a well- 
known example of the single-shell, directly-fired type and the Ruggles- 
Coles Class A” of the double-shell, directly-fired type. 

The total heat required to dry the fuel depends upon the amount of 
moisture to be removed, the heat absorbed by the fuel itself in passing 
through the dryer, the temperature difference between the air entering 
the furnace and the products of combustion leaving the dryer, radia- 
tion, and other minor losses. The overall efficiency (ratio of heat usefully 
applied to that supplied) of the modem coal dryer ranges from 70 to 85 
per cent. This is on the assumption that the heat absorbed by the dry 
fuel itself is considered useful.'' The overall efficiency (ratio of heat 
required to evaporate the water only, to that supplied) ranges from 50 
to 70 per cent. A rough rule is to allow 6.5 to 7 lb. of moisture per lb. 
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of coal as fired. The power required to operate the dryer ranges from 
1.0-1.5 hp-hr. per ton for small machines having a capacity of 2 tons 
per hr., to 0.4 hp-hr. per ton for machines of 25 tons capacity per hour. 

The general arrangement of a typical waste-heat dryer is shown in 
Fig. 138. The body is built to unit sections mounted one above another, 
each unit having a series of gas ports as shown. Raw coal enters the top 
and gravitates continuously to the bottom. Drying is effected by heat 
transfer through the gas-duct walls and by direct contact of gas with coal. 
This type of dryer may be used to advantage even in plants having econo- 
mizers. Steam dryers are either of the stationary or rotating type. Coal 
is heated by direct contact with the heating surface and a flow of air through 
the device is depended upon for carry- 
ing away the moisture. Steam dryers 
require about 0.8 to 1.5 lb. of air and 
about 60 to 120 lb. of steam per ton of 
raw coal though the maximum range is 
wider because of the variation in the 
moisture content of the coal and in the 
heat content of the drying steam. 

After the fuel has been crushed and 
dried (if necessary) it is conveyed to 
storage or directly to the mills where 
it is pulverized. 

The finer the particles of fuel the 
more readily will they burn, and the 
shorter need be their path in the com- 
bustion chamber before oxidation is 
complete; but the cost of grinding in- 138 . Randolph Type of Waste- 

creases very rapidly with the degree of heat Drier, 

fineness, and a point is soon reached 

where the gain is offset by the additional cost of preparation. In modern 
boiler practice employing the central or storage system, the following divi- 
sions of mesh appear to be productive of economical results for all fuels: 

65 per cent through 200 mesh 

92 '' '' 100 “ 

98 ‘‘ 80 

100 ‘‘ 50 “ 

There are various types of grinders on the market, depending for their 
action upon shearing, attrition, crushing by pressure, crushing by impact, 
or combinations of the above. The fineness of the product is controlled 
by the rate of feed of raw material, screening, air separation^ or combina- 
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tions of these methods. A description of the various machines, involving 
the different principles of grinding and separation, is beyond the scope of 
this text, and only a few of the more commonly used types will be discussed. 

Figure 139 shows a section through a FuUer-Lehigh Pulverizing Mill 
illustrating the ball and race type of grinder with combined air and screen 
separation. The pulverizing element consists of four unattached steel 
balls which roll in a stationary, horizontal, concave-shaped, grinding ring. 
The balls arc propelled around the grinding ring by means of four pushers. 
The crushed material fed into the mill falls between the balls and grinding 
ring in a uniform and continuous stream, and is reduced to the desired 

fineness in one operation. Air is 
drawn into the mill at the top 
and, traveling downward through 
the center of the upper or sepa- 
rating fan, passes over the pul- 
verized particles and lifts them 
into the chamber above the grind- 
ing zone. The lower fan acts as 
an exhauster and draws the dust 
through the finishing screen, which 
completely encircles the separa- 
ting chamber. The material leav- 
ing the separating chamber is 
drawn into the lower fan hous- 
ing, from which it is discharged 
through a spout by the suction of 
the lower fan. All the powdered 
product is discharged from the 
mill in finished condition and 
requires no subsequent screening, sizing, or separation. Speed of rotation 
130 to 450 r.p.m. ; the lower speeds for the larger machines. Other well- 
known makes of mills for pulverizing fuel are the Ra3nniond, Bonnot, 
Stroud, AUis-Chalmers, Kennedy-Van Satm, and Hardinge. Mills of 
this general class require from 10 to 25 kw-hr. per ton of finished product, 
depending upon the physical properties of tW fuel and the degree of fine- 
ness desired. Powdered fuel mills, of whatever type, are seldom built 
with capacities over 30 tons of powdered product per hour. 

Figure 140 shows a section through a typical mill illustrating the general 
principles of a small ^'unit pulverizer ” in which grinding, separation and 
distribution of fuel to burner is accomplished in a self-contained mechanism. 
The particular machine illustrated consists of a cylindrical housing con- 
taining a crushed fuel feeder, a rotating pulverizing element and an exhaust 
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Fig. 139. Fuller-Lchigh Ball Mill. 
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fan. The crushed fuel is reduced to powder by attrition and percussion, 

through the centrifugal action of the revolving paddles or vanes. The fan 

ordinarily supplies the minimum quantity of air necessary for separation 

and transportation, about 40 per . 

cent of the total requirements for / Tj r 

combustion, but provision is made / / 

for furnishing the entire supply / r i lUl ^vL. 

should this be desirable. No lb ill (f 

preliminary drying is necessary I M 

except with fuels high in free or 

surface moisture, and screens are 

dispensed with entirely. By pre- 

heating the air supply to the mill IJ 1 1 IS 

coals high in moisture have been I Ja 

successfully ground. Small mills ilf \ 

of the type illustrated in Fig. 140 j K\/^ 

are usually placed in front of the 

boiler setting, attached to the 

inlet to the raw-fuel hopper and Typi^all “Unit" Pulverizer, 

connected through a suitable spout 

to the burner. Unit pulverizers are available with maximum capacities 
ranging from 200 lb. to 12 tons per hr., and are finding favor in even the 
largest power houses. Driving motors range from 15 hp. for the 200-lb. 
machine to 80 hp. for the 12-ton device, the exact power requirements 
Air and Fuel depending upon the kind of fuel, its free moisture con- 
n fineness desired. The Simplex, Raymond, 

•jU? Fuller-Bonnot, Kennedy-Van Saun, Riley, Stroud and 

O” a Pulverizer are well-known examples of the unit 

TmI \ system. Notable installations of unit pulverizers are 

Ul ^ I \\la found in the Cahokia and Ashley St. Stations of 
I I \j ^ Union Elec. Lt. & Power Co., -St. Louis, and the 
jiJ I : Calumet Station of the Commonwealth Edison Co., 
Chicago, Illinois. See Figs. 147-8 and 188. 

Deflector 114 , Powdcred-fuel Burners and Feeders. — Two types 

Fig. 141. Fan-tail burners are found in steam boiler practice: (1) the 

Burner with De- which the fuel and sufficient air to hold 

Sector. . . r 1 . 1 

it m suspension are forced into the furnace m streams 

and a long flame is depended upon to secure mixing of fuel and air, and (2) 

the turbulent, in which all of the air and fuel are intimately mixed as they 

enter the furnace. The simplest form of stream-line burner for refractory 

lined furnaces and low rates of combustion consists of a plain cylindrical 

cast-iron tube with round or flattened orifice depending upon whether a 


Primary Air and Fuel 
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round or ‘‘ fan-tail ” flame is desired. Deflectors are frequently placed 
in the mouth of the nozzle to insure mixing and a shorter flame. Second- 
ary air for combustion is admitted through adjustable openings surround- 
ing the nozzle in connection with solid refractory furnace walls and through 
ports in the walls of air-cooled furnace walls. Stream-line burners of 
double tube construction are also much in evidence. In this design, 
primary air and fuel are fed through the inner tubes and part or all of the 
secondary air through the annular space surrounding the inner tube. A 
typical burner of this type is shown in Fig. 141. In this particular design 
deflectors have been placed as indicated to effect better mixing. 

Figure 142 shows a sectional elevation of the Calumet Burner illustrating 
a highly turbulent type of burner. Primary air, carrying the pulverized 



Fig. 142. Calumet Turbulent Burner. Fig. 143. Bailey-Tenney Burner. 

coal, is injected horizontally into the furnace through a long narrow ver- 
tical slot between water-cooled tubes as indicated. Secondary air enters 
through ports on either side of the primary jets. These ports are at an 
angle with the primary air jet and are staggered instead of opposing each 
other. The amount of primary air may be held down to a very low per- 
centage thereby facilitating the use of preheated air for combustion. This 
type of boiler necessitates the use of a water-cooled furnace because of the 
intense rate of combustion effected. 

Figure 143 shows a section through a Bailey-Tenney burner illustrating 
a moderately turbulent type of burner which is particularly adapted to 
furnaces having a restricted volume and solid refractory front walls. 
Primary air and fuel enters the center pipe and secondary air is induced or 
forced into the furnace through the annular space. Spiral vanes in the 
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mouth of the annular duct impart a rotary motion to the secondary air 
and insure a thorough mixture of fuel and air. 

Figure 144 shows a section through the Lopulco feeder, manufactured 
by the Combustion Engineering Corporation. The feeder is of the screw 
type, operated by a variable-speed motor. Powdered fuel is fed by the 
screw to a small mixing chamber provided with paddles, where it meets 
a jet of primary air supplied under a pressure of approximately 6 ounces. 



Fig. 144. Lopulco Feeder. 


Through the action of the paddles and the jet, the fuel and air are thoroughly 
mixed before being forced into the burner. The primary jet furnishes 
only a small portion of the air required for combustion. 

Figure 145 gives an elevation of the Fuller-Kinyon pump for con- 
veying pulverized materials. The dried material is delivered by gravity 
to the pump hopper from a storage bin or directly from the mill. It is 


ItMlDlMllWgV 



carried by the screw to the discharge end where it is aerated by a small 
amount of compressed air and transported through the conduit and valves 
to the individual service bins. 

115. Powdered-fuel Furnaces. — The modem powdered-fuel furnace 
is a plain chamber of rectangular cross section with vertical or slightly 
inclined walls and hopper-shaped bottom. The walls are of (1) refractory 
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construction, (2) air-cooled refractories, (3) plain or refractory-lined water 
or steam-cooled metal surfaces, or (4) combinations of the above. Plain 
refractory walls are satisfactory only for moderate furnace temperatures 
or in connection with fuels having high fusing-temperature ash. The 
fluxing nature of the ash, length of flame travel and grade of refractory all 
influence the limiting temperature of the furnace so that general figures 
are without purpose. Very few solid refractory walls are used in the 
modem boiler furnace except when protected by water screens. Air- 
cooled hollow refractory walls are a decided improvement over the solid 



Fig. 1 16 . Typical Air-cooled Furnace. Columbia Power Station. 

refractory construction and are to be found in a number of the latest plants. 
A typical installation is shown in Fig. 146. Primary air is forced through 
the hollow ashpit walls and into headers surrounding the burner. This 
cools the hopper walls and preheats the air. Secondary air is drawn 
through the flue-gas air preheater by the induced-draft fan and delivered 
to the forced-draft fan. The latter forces the air through the hollow walls 
into the furnace. Zone dampers control the distribution of air through the 
openings. Average monthly ratings of 425 per cent have been successfully 
carried in this plant with low furnace maintenance costs. While air- 
cooled walls are in evidence in many plants the general trend is toward the 
use of steam or water-cooled metal walls. With certain grades of fuel, 
complete metal cooling is undesirable and all or a portion of the metal 
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surface is protected with a thin layer of refractory material. Water-cooled 
walls have been used successfully on boilers up to 1000 per cent rating and 
this does not appear to be the limit. A few designs are shown in Figs. 
147, 148, 188 and 412. 

In the older designs the ashpits were constructed with a water screen 
above them for cooling the ash but the present trend is toward the use of 
cast-iron faced, water-cooled bottoms built in the form of a V. The 
furnace volume for a given extent of boiler heating surface varies within 
wide limits depending upon the character of the fuel, type of burner, nature 


Fig. 147. Complete Water-cooled Furnace. Combustion Engineering Corporation. 



of the furnace walls, temperature of combustion air, and the rate of heat 
liberation, and ranges from 0.3 to 1.00 cu. ft. per sq. ft. of boiler heating 
surface with an average of 0,7 to 0,8. The trend is toward the develop- 
ment of more B.t.u. per cu. ft. of furnace volume, which is equivalent to 
providing smaller furnace for a given boiler output. 

Report of Prime Movers Committee: N.E,L.A., No. 278-85, Aug., 1928. 

116 . Fuel-oil Burners. — The name ‘‘oil burner is a misnomer, be- 
cause the so-called burner does not burn the oil but merely atomizes it. 
The atomization may be effected by high- or low-pressure compressed air 
or steam, a combination of air and steam, or by merely mechanical means. 
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For high-pressure steam generation in stationary plants, only two basic 
types need be considered: viz., steam burners, and mechanical burners. 
The essentials of any type are (1) the complete atomization of the oil 
without clogging, fouling, or ‘‘ drooling (2) jet of such shape as to 
insure intimate mixture at all points with the incoming air; (3) capacity 
for effecting complete combustion with minimum excess air at the various 
steaming rates contemplated; and (4) accessibility, minimum attention, 
and low maintenance. Neither type is of universal application; in some 
cases the steam atomizer is the better investment, and in others the me- 



Fig. 148. Lopulco Unit and Heine V-type Boiler. 

chanical atomizer offers more advantages. In the steam burners, the oil is 
atomized and forced into the furnace by a steam jet; in the mechanical 
burners, the oil under pressure breaks into a fine spray on passing through 
specially designed orifices. 

Steam burners are designated either as outside mixers, in which the oil 
and steam meet outside the burner nozzle; or inside mixers, in which 
the oil and steam mingle inside the nozzle. The Hammel, Enco, Airoil, 
Leahy, Rogers-Higgins, Peabody, Kirkwood, and Tate are representative 
of the inside mixers; and the Best, Gilbert and Parker, Rockwell, and 
Foerst of the outside mixers. Some of the well-known steam burners are 
illustrated in Figs. 149 to 157. 

Figure 149 shows a section through the atomizing tip of a Hammel 
burner, illustrating a well-known design of the inside-mixing type. The 
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oil, under pressure and either heated or cold, is fed through the upper pipe 
into the mixing chamber C, where it encounters the steam jet issuing from 
the lower pipe, and the mixture is forced through the rectangular orifice 
in the shape of a long, flat spray. 

Figure 160 shows a section through the atomizing tip of a Foerst burner, 
illustrating the outside-mixing type. The oil is 
fed through the lower pipe at right angles to the 
steam jet and is discharged in the shape of flat 
or fan-tail spray. 

Figure 152 shows a section through the Enco 
steam atomizer, which differs considerably from 

the usual type of steam atomizers in that it is Hammel Oil Burner 

•X ui r -xi. X 1 r j j irx Head (Steam Atomizer), 

suitable for either natural or forced draft. Re- 
ferring to the illustration, steam and oil enter the device as indicated. 
Part of the steam passes through a Venturi nozzle on the center line of 
the burner, and the rest enters the mixing chamber through tangential 
openings. Oil enters around the mouth of the Venturi, is caught up and 
partly atomized by the center steam jet and is carried forward through 
the center passage to the opening of the mixing chamber. 
Plere it is ^^iross cut^' by the tangential jets, whirled 
around at high velocity in the body of the mixing cham- 
discharged through the orifice plate. 
Ais the oil is completely atomized inside the burner, it 
Fig. 150. Foerst Oil- discharged through any number of openings, of 

At^Ler)^ any shape, at low velocity. The atomizer, complete 

with forced-draft air registers, is shown in Fig. 153. 
Mechanical atomizers for high-pressure boilers are practically all of the 
oil-pressure type; that is, the oil is forced under pressure through suitable 
orifices or tips which break it up into a very fine spray, or “fog.” In low- 
pressure installations, the centrifugal atomizer is commonly used. In 
this type the oil is broken up into a spray 

^ Sicam Nni«le 

by the centrifugal action of a motor- 
driven rotating tip. 

Figure 154 gives the general details of 
the Peabody-Fisher burner. All of the 

oil enters the atomizing chamber through ,5^ NMonal “Airoil” Burner 
heavy burner-tube A, and enters the (Steam Atomizer), 

atomizing chamber in tip E through 

several small passages C, which give the oil the necessary whirling motion. 
By opening a valve at the end of inner tube R, which connects with a 
series of holes in the burner tip, part of the oil in the tip is by-passed. 
This design enables the same amount of oil to reach the tip regardless of 


Fig. 150 . Foerst Oil- 
burner Tip (Steam 
Atomizer). 


Fig. 151. 


National “ Airoil 
(Steam Atomizer). 
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the load, so that there is no reduction in the oil pressure and the spray 
effect jp practically constant for a large flow of oil. The by-passed oil is 
returned to pump suction or storage. 

Figure 156 shows a section through the atomizing tip of the Eoerting 
mechanical atomizer. In this device, the oil is 
forced under pressure tangentially through an an- 
nular chamber in the burner tip, the chamber being 
so arranged as to give the oil a high velocity of 
rotation, and thus, under the action of centrifugal 
force, to break it up into a fine spray. The annular 
chamber or tangential groove discharges into a 
Fig 152 ''Enco’* Oil cylindrical chamber, the top end of which is 

Burner (Steam Atomizer), conical in shape. The discharge orifice is at the 
apex of the cone. 

Figure 156 shows a section through a Coen mechanical atomizer, illus- 
trating the single-orifice type in which no rotational motion is imparted to 
the oil before it leaves the tip. Other well-known makes of mechanical* 
atomizers are the B. & W. “ Lodi ” and “ San 
Diego,” White, Dahl, Fess, and Witt. 

Steam atomizers for boiler furnaces opera- 
ting under natural draft are usually designed to 
give a flat flame and are installed in the furnace 
so that the flame is spread out over a floor of 
refractory material, as in Fig. 159. When they 
are provided with orifices which produce a hol- 
low conical jet, air registers, as illustrated in 
Fig. 160, are necessary for efficient mixing of 
the air and atomized fuel. Steam atomizers, 
in connection with air registers, are also suit- 
able for forced draft. Mechanical atomizers are almost always provided 
with air registers. Air registers are fully as important from the stand- 
point of design and construction, and have quite as great an influence upon 

the securing of perfect combus- 
tion, as the atomizer itself. 

The amount of steam required 
to atomize oil varies with design 

Fio. 164. Peabody-Fisher “Wide Range” burner, and the method of 
Atomizer (Mechanical Type). control. In large central stations 

where the burners are automat- 
ically controlled, or where they receive consistently good attention and 
care, the average steam consumption ranges from 0.12 to 0.25 lb. per lb. 
of oil fired. This corresponds to approximately 0.8 to 1.8 per cent of 
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the total steam generated. But for regular, everyday operation in the 
average plant, the amount ranges from 0.3 to 0.8 lb. per lb. of oil fired, 
corresponding to 2 to 5 per cent of the total steam ' generatecf See 
Fig. 158. 

The equivalent steam consumption of the mechanical burner depends 
largely upon the oil pressure maintained, the efficiency of the oil-pumping 
and heating apparatus, and whether or not the exhaust steam is utilized. 
In some of the latest plants, the (equivalent steam consumption is approxi- 
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SECTIONAL ELEVATION 

Fig. 155. Koerting Mechanical Oil Atomizer. 


mately 0.5 per cent of the total generated. As a general rule, the steam 
consumption will not exceed 1 per cent of the total generated. 

Steam atomizers owe their popularity to the relative case of manufac- 
ture, simplicity of installation, and the very high overall boiler and furnace 
efficiency realized at normal boiler rating. The burners, when properly 
installed, require little attention, and one man can readily control a large 
number of burners. For relatively large plants, an automatic control 
system may be installed, which n^gulates the burners and dampers ac- 



Fig. 156. Coen Mechanical Oil Atomizer. 


cording to the load demands so that the labor item is practically nil except 
as required for watching and cleaning the burners. 

In spite of the seeming advantages of steam atomization, there are a 
number of factors which may prove objectionable: viz., (1) the noise 
made by the steam issuing from the burner, (2) difficulty and loss of time 
in cleaning burners, particularly in “ back shot ” installation, (3) blow- 
pipe action of the flame in combustion chambers of limited capacity, (4) 
extra amount of moisture in the flue gas, which may prove troublesome in 
connection with economizers, (5) cost of steam used for atomizing, and 
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(6) limited range in overload capacity of the boiler. The majority of 
steam-burner installations reach their maximum commercial capacity at 
boiler ratings of 176-200 per cent, although some of the latest designs in 



Fig. 157. B. & W. ^^San Diego Mechanical Atomizer and Air Register. 

connection with forced draft and air regist^ers have been operating satis- 
factorily at 300 per cent rating. Boiler ratings of 300 per cent have been 
maintained in modern mechanical burner plants^ with overall efficiencies of 



Ilate of Combustion, Founds of Oil per Hour per Burner 

Fig. 158. Typical Performance Curves — Steam Atomizers. 

80 per cent (without economizers) ; and in special tests, ^ boiler ratings of 
630 per cent have been reached with overall efficiencies of 76.6 per cent. 

1 Savannah Electric Co. Test of May 16, 1920. 

* League Island Navy Yard. Competitive burner test, 1918. 
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steam atomizers usually operate with natural or indirect draft, while 
the mechanical atomizers generally necessitate the use of forced draft, 
although from 100 to 175 per cent rating may be secured with natural 
draft. 

Steam atomizers for boiler service are seldom designed to pass more than 
800 lb. of oil per hr. per burner, whereas single mechanical burners have 
satisfactorily handled as much as 1500 lb. per hr. 

See also paragraph 126. 

Burning Boiler Oil: Power, Aug. 7, 1923, p. 209 (Serial). 

Mechanical Atomization of Fuel Oil: Power Plant Engrg., Nov. 1, 1923, p. 1130. 

117. Fuel-oil Furnaces. — Because of the ease with which oil fuels can 
be atomized and brought into intimate contact with the air for combustion, 


Fig. 159. Hammel Oil Burning Furnace — Low Setting, Steam Atomizer. 

the furnace may be of the simplest construction. No grates, ashpits, 
ignition arches, or target walls are necessary, and a properly proportioned 
plain chamber fulfills all requirements. The correct proportion of this 
simple furnace, however, is dependent upon a large number of factors, 
such as type of boiler; arrangement of tubes and baffles; elevation of 
headers or their equivalent above the floor lines; number, type, and loca- 
tion of burners; length of furnace with respect to flame travel; method of 
admitting and controlling air; draft; character of loads; and whether or 
not the furnace is to be used solely for oil, or simultaneously or alternately 
with other fuels. The volume of the combustion chamber* in the latest 
oil-fired plants with high settings ranges from 0.2 to 0.4 cu. ft. per sq. ft. 
of boiler-heating surface, and in low settings from 0.10 to 0.15 cu. ft. A 
rough rule is to allow 1 cu. ft. of combustion space per b.hp. to be de- 
veloped. The best results have been obtained where the flame travel is 
complete without impingement on tubes, walls, or floors, and where as 
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much of the boiler-heating surface as possible is exposed to radiant energy. 
In general, the larger the furnace and the farther the burners are from the 
tubes or heating surface, the better will be the results secured and the 
greater the overload capacity. 

Steam burners of the flat-jet type almost invariably operate under 
natural draft, while forced draft is the more common with mechanical 
burners, particularly when heavy overloads are desired. The number of 
burners depends upon the size and type of burner and furnace, and the 
ratings at which it is desired to operate the boiler. In order to maintain 
an even distribution of the flame, a multiplicity of burners is preferred in 
all but the smallest boilers. It is customary, when possible, to install the 



burners in the front wall of the setting and project the flame toward the 
rear (“ front shot hut it is frequently desirable to install them in the 
bridgewall, and project the flame toward the front (“ back shot ”). With 
boilers of the inclined-tube type, the latter arrangement minimizes flame 
impingement on the tubes and affords increased furnace volume in the 
direction of the flames. With steam burners of the flat-jet type, it is 
current practice to introduce the air into the furnace partly around the 
burner and partly through slots in the furnace floor. With the mechanical 
bimiers, and steam burners giving a conical flame, all the air for combustion 
is admitted through air registers and diffusing vanes surrounding the 
atomizer, and at no other place. 

A modem low-set furnace of the back shot type as applied to a water- 
tube boiler is illustrated in Fig. 169. The burner tips are housed in slots 
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located in the back of an arched recess in the bridgewall, and the flame is 
projected forward toward the front of the furnace. The fiunace floor is 
solid except for narrow air slots through the deck and in front of each 



Fig. 161. Peabody-FLsher Burner as Applied to a 1500 Sq. Ft. Manning Boiler. 

arch. Each burner with its accompanying recess has a separate air 
tunnel leading from the boiler front; these tunnels do not communicate 
with each other under the furnace floor, so that by closing the air-admission 



Fig. 162. Furnace Volume vs. Boiler Rating. 


door any tunnel can be sealed up while the others are supplying air to 
their particular burners. The air entering the furnace is heated by con- 
tact with the incandescent floor of the furnace, the floor constituting the 
roof of the air tunnels. Usually one burner and air tunnel is furnished 
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for each 4 ft. of furnace width. This low-set type of furnace is not in- 
tended for boiler ratings over 175 per cent. 

Figure 160 gives the general dimensions of the oil-fired furnace at the 
power house of the Narragansett Electric Lighting Co. as applied to a 
600 hp. B. & W. boiler, and illustrates a modern high-set '' installation. 

Figure 161 shows the application of a mechanical burner to a vertical 
fire-tube boiler. 

Figure 162 shows the relation between furnace volume and maximum 
hp. developed with 14 to 15 per cent of CO 2 and no CO. 

TABLE 33a 

ECONOMICAL COMBUSTION BATES 


(Powdered Coal) 
T. A. Marsh 



Anthracite 

Eastern 

Pittsburgh 

Illinois 

Iowa 

Lignite 

Fuel 

Per Cent as Fired 

(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

Moisture 

1 

4 

4 

10 

15 

21 

Volatile Matter 

8 

17 

30 

30 

27 

35 

Fixed Carbon 

74 

73 

59 

48 

33 

34 

Ash 

18 

6 

7 

12 

25 

10 

Sulphur 

1 

1 

2 

3 

4 

1 

B.t.u. (dry) 

12,000 

14,300 

13,500 

12,200 

10,400 

11,500 


B.t.u. Released per Hour per Cubic Foot of Furnace Volume: 


Minimum for contin- A 

5.000 

8.000 

1,000 

1,000 

1,000 

1,000 

1,000 

uous operation (1) 
Recommended for 

B 

2,000 

2,000 

\ 

2,000 

2,000 

2,000 

continuous 

A 

12,000 

14,000 

14,000 

12,000 

12,000 

14,000 

operation 

B 

15,000 

18,000 

18,000 

18,000 

18,000 

18,000 

Miximum for con- 

A 

15,000 

16,000 

20,000 

16,000 

14,000 

14,000 

15,000 

tinuous operation 

B 

18,000 

20,000 

20,000 

20,000 

20,000 

Recommended for 

A 

17,000 

18,000 

18,000 

16,000 

16,000 

18,000 

3 to 4 hr. peaks 

B 

22,000 

22,000 

22,000 

22,000 

22,000 

22,000 

Maximum for 

A 

18,000 

20,000 

20,000 

18,000 

18,000 

20,000 

3 to 4 hr. peaks 

B 

24,000 

25,000 

25,000 

24,000 1 

24,000 

25,000 


A — Refractory Lined Furnace B — Water Cooled Furnace 


NoU: These values are based on the assumption that approximately 14 per cent COa will be carried at the 
boiler outlet. 

(1) Minimum rates for coals (2) to (6) are for storace systems only as it is believed that operation at these 
low ratings may not be stable with the unit system. Remainder of table applies to either storage or unit system. 

Burning of Liquid and Gaseous Fuds: Report of Prime Movers Committee, N.E Ji.A., 
1923 (Part B), p. 297. 

Computing Guaranteed Stoker Efficiency: Power, May 20, 1924, p. 813. 

The Storage and Handling of Fuel Oil in Industrial Plants: Mech. Engrg., Nov., 1924, 
Part 2, p. 771. 
























CHAPTER VII 

FUEL AND ASH CONVEYING SYSTEMS 

118. Storage of Fuels. — The cost of fuel and its delivery into the 
furnace are usually the largest items in the operating charges; hence, 
large central stations are located, when practical, at or near the mine 
mouth and adjacent to a railway line or water front in order to insure a 
continuous supply of fuel and to minimize the cost of storage and hand- 
ling. Isolated stations in the business districts of large cities are generally 
unfavorably situated, with the result that fuel storage is limited to a very 
small quantity and the cost of conveying is a large p^ rcentage of the total 
fuel cost. Wherever the plant may be located and whatever may be the 
system of transportation and convej^ance, provision should be made, if 
possible, for storing a certain quantity of fuel as a precaution against in- 
terrupted delivery and possibly enforced shut-down. The amount to bo 
stored depends upon the character of the fuel itself, method of transporta- 
tion, space available, size of plant, and the cost of interrupted service. 
In some of our largest central and isolated stations, the fuel requirements 
are such as to necessitate immehse piles of coal or reservoirs of oil for even 
a few days’ operation. There are several such stations burning 3000 tons 
of coal or more per day. One week’s supply at a rate of 3000 tons per day 
would occupy a space about 200 ft. square and 21 ft. high. The space 
occupied by fuel oil of equivalent heating value would be approximately 
65 per cent of that occupied by the coal. 

'The weight of a cu. ft. of coal varies with the percentage of fine and 
coarse particles in the mass, the moisture content, and the packing effect 
to which it may be subjected. The variations in weight due to toeness 
and moisture content are less than is ordinarily supposed. A mbcture of 
coarse and fine, such as is usually found in stoker sizes, will remain very 
uniform in weight per cu. ft. with reasonable changes in the percentage 
of moisture. The values in Table 34 are approximate only. 

For data pertaining to the weight of different classes of fuel, consult 
“Specific Gravity Studies of Illjl^ois Coal,’’ Univ. of 111., Bui. No. 89, 
July 3, 1916; and “Weight of Various Coals,’’ Bureau of Mines, Tech. 
Paper 184, 1918. 
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TABLE 34 

SPACE OCCUPIED BY BULK FUEL* 


Bituminous 

Cu. Ft. 
per Ton 

Anthracite 

Cu. Ft. 
per Ton 

Pocahontas Lump and 




Egg 

35.5 

Chestnut 

34 

Pocahontas Mine-run 




and Nut 

36 

Range 

35 

Pnnab on t.fti? Slack 

35 

Small Egg 

35 

Hocking 

41 

Large Egg 

36 

Screenings 

40 

Pea 

33 

Indiana Lump 

41 

Buckwheat 

32 

Mine-run 

36 

Dust 

• 35 

Smithing 

43 



Quaker Egg and Nut 

40 

Coke 

Quaker Lump 

38 

Acorn Lump 

40 



New Era 

38 

Petroleum 

72 

No. 3 Washed Nut 

42 

Gas House 

66 

Wasco Lump 

40 

Solvay Nut 

55 






* Peabody Coal Company. 


Anthracite and practically all kinds of bituminous coal have been 
stored without spontaneous combustion taking place, yet, under certain 
conditions, spontaneous combustion has occurred with every kind of coal 
stored. The geological age of coal is a fair guide to its liability to heat, 
anthracite being the safest to store and l^ite^he most dangerous. The 
spontaneous combustion of coal is largely due to oxidation of the fine 
sizes; consequently, the liability to such combustion in stored coal is 
greatly reduced, and in many cases eliminated, if dust and fine coal can be 
kept out of the pile. The fire hazard for piles of clean-sized coal is rela- 
tively small compared with that for piles of screenings or mine-run. Most 
of the fires recorded have occurred within ninety days after the coal was 
placed in storage. The percentage of fires in piles of mixed coal is con- 
siderably greater than in piles of the same coal unmixed. Coals that are 
known to be particularly liable to spontaneous combustion should not be 
selected for storage if it is possible to avoid doing so. Coal should be 
heaped for storage so that any part of the pile can be moved promptly 
if necessary. The arrangement should be such that air cannot enter the 
pile. A number of small piles ia to be preferred to one large pile, but 
space limitations usually prevent the spreading out of the fuel. The 
depth of the pile depends upon the kind of coal and local conditions, but 
experience shows that fir^ are more common in deep than in shallow 
piles. Coal from different fields shoula not^bg togel^e^ Under- 
water storage is the only positive insurance against spontaneous com- 
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bustion, since not only is the fire hazard completely eliminated, but th 
fuel does not depreciate as when exposed to air. Space requirement 
first cost of reservoirs, and special requirements for handling are factor 
which must be considered in this connection. For a description of severs 
under-water storage systems, consult The Storage of Bituminous Coal,' 
by H. H. Stock, Univ. of 111., Bui. No. 27, 1918, pp. 86-106. 

Among the many systems of unloading coal from cars or barges, and of 
storing it, may be mentioned the following: 


Hand-operated storage systems 
Storage by motor truck 
Pile storage from cars without 
trestle 

Trestle storage 
Storage with side dump cars 
Side-hill storage 
Use of mast and gaff 
Use of cable drag scraper 
Locomotive crane 
Gasoline and steam-operated cater- 
pillar crane 
Revolving car dumper 


Parallel track storage 
Trestle and traveling 
crane 

Circular storage 
Steeple towers 
Bridge storage or gan 
try crane 

Deep reinforced-con- 
crete bins 

Skip hoist and monorail 
Under-water storage 
Silo-type concrete and 
vitrified-tile bins 


A description of these various systems and the methods adopted for de- 
tecting spontaneous combustion are beyond the scope of this text, and 
the reader is referred to that excellent treatise “ Bituminous Coal Storage 
Practice,^' by Stock, Hippard and Langtry, Univ. of 111., Bui. No. 2, Jan. 19, 
1920. See also. Report of Prime Movers Committee, N.E.L. A., March, 1925. 

A certain amount of coal should be stored, if possible, within the station 
itself. In the smaller plants it is customary to place the coal in an open 
pile in front of the boilers or in a bin below, or on the same level with the 
boiler-room floor. In the larger plants, it is common practice to install 
overhead bunkers so that the fuel can be fed to the furnace by gravity 
through down spouts. In some of the latest central stations, additional 
storage is provided by pits underneath or alongside the car tracks and 
within the main building itself. See Figs. 185 and 186. Overhead 
bunkers are rectangular or circular in plan and are built of steel plates 
lined with concrete, refractory materials, or reinforced concrete. The 
bottom slope should not be less than 45 degrees to the horizontal. Sus- 
pended bunkers of reinforced concrete construction are also in evidence in 
modem plants. With certain grades of fuel, separate bunkers for each 
boiler are preferred to a large single container for the entire plant, since 
fire resulting from spontaneous combustion is more readily prevented 
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‘!lrom spreading. Silo-type bins of concrete and vitrified tile are finding 
Jiavor with many engineers where the quantity of coal to be stored is not 
, ;very large. 

Fuel oil is stored in covered steel tanks, weather-proofed concrete tanks, 
or earthen reservoirs. Steel tanks are used in the great majority of the 
plants, but excellent results have been reported from users of concrete 
tanks. An earthen reservoir of 25,000 barrels^ capacity at the uppei 
plant of the San Joaquin Light & Power Co. is said to show a loss of but 
100 barrels per month through evaporation and seepage. Steel tanks 
may be placed entirely above the ground or they may be partly or com- 
pletely buried, depending upon plant location. Underwriters’ require- 
ments, and community ordinances. Concrete tanks are generally in- 
stalled below the ground. For detailed description of the various systems 
^^^of storage and for a brief outline of the rules and requirements of the 
Ne'National Board of Fire Underwriters for storage and use of fuel oil, consult 
^®the reference at the end of this paragraph. 

Factors in the SpontaneoiLS Combustion of Coals: Mech. Engrg., Dec. 1923, p. 691. 
Pipe Line Transmission of Crude Oil: Power Plant Engrg., Dec. 1, 1919, p. 1045. 
Fuel Oil Containers and Tanks: N.E.L.A., T3-1922, p. 254. 

Fedco Protectometer Systems for Stored Cod: Power, Nov. 27, 1923, p. 850. 

Fud-oil Storage Rules, Nationd Board of Fire Underwriters: Power, Nov. 4, 1919> 

3. 680. 

Equipment for Crushing Coal: Power, Aug. 24, 1926, p. 284. 


119. Methods of Handling Bulk Fuel and Refuse. — The best method 
of delivering bulk fuels from storage to the furilace and of removing refuse 
from the ashpit is the one which will effect the desired result at the lowest 
ultimate cost. That this problem does not offer a simple solution is 
evidenced by the many diversified combinations found in practice for the 
same operating conditions. The principal factors which influence the 
choice of system are size and location of plant and cost of fuel and labor. 
In many plants, continuity of operation may be of even greater importance 
than reduction of cost, and extra investment may be considered advisable 
to offset the unreliable labor element. Of the various methods found in 
current practice, the following are the more common: 


1. Hand shoveling. 

2. Wheelbarrow or industrial 

car and shovel. 

3. Continuous conveyors: 

Spiral or screw 
• Scraper or flights 
Apron and buckets 


Overlapping pivoted 
buckets 
Endless belt. 

4. Pneumatic systems: 

’ Pressure blowers 
Exhausters. 
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5. Hoists. Platform elevator 

Skip hoist Continuous bucket elevator. 

Grab bucket 6. Hydraulic systons: 

Traveling crane Open trench 

Jib and bracket crane Closed conduit. 

Monorail telpher 

Coal Corweyorafor Modem Power Plaids; Power Plant Engrg., Jan. 1, 1929. 

1*0. Hand ShoTelIng. — Where possible, the coal is dumped direct 
from the cars or wagons into bins located in front of the boilers. In such 
instances one man may handle the coal and ashes and attend to the water 
level of 400 hp. of boilers equipped with common hand-fired furnaces. 
This refers, of course, to average good coal not too high in ash nor pro- 
ductive of much clinker. With hand-shaking and dumping grates, 500 
Iq). may be fired by one man, and from 1800 to 2500 hp. with automatic 
stokers into which the coal is fed by gravity. Sometimes the coal cannot 
be stored in front of the boilers, but must be hauled by wheelbarrow, cart, 
or industrial car. For distances over 100 ft. and quantities over 20 tons 
per day, the cost of handling the coal in this way may justify the installar 
tion of an automatic conveyor system. Hand-fired furnaces and manual 
handling of coal and ashes are usually associated with small plants of 500 
hp. and under, but a number of large stations are operated in this way 
with apparent economy. 

Large plants, however, are generally equipped with conveying machinery, 
not so much because of the possible reduction in cost of operation, taking 
into consideration all charges fixed and operating, but because of the large 
and often unreliable labor staff with which it dispenses. Hand shovel- 
ing is sometimes necessary even with modern unloading devices and drop- 
bottom cars, on account of the poor dropping mechanism and the freezing 
of coal in the cars. This is particularly true of washed coals, and it is not 
unusual to have an entire carload solidly frozen. In this case, it has to be 
picked, and even dynamited, and shoveled by hand, or the unloading 
tracks must be equipped with steam pipes and outfits for thawing pur- 
poses. A good man is capable of shoveling 40 to 50 tons of coal in eight 
hours when unloading a car, provided it is only necessary to shovel the 
coal overboard or through side openings. An average figure for handling 
coal by barrow and shovel is not far from 3.5 cents per ton per yard up to 
the distance of 5 yards, then about 0.25 cts. per ton per yard for each ad- 
ditional yard. The cost of handling coal and ashes in the small plant not 
equipped with conveyors or hoists varies within such limits that average 
values are without purpose. In twenty-five Chicago plants of this class, 
the cost in 1923 ranged from $1.00 to $2.50 per ton. 
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121. Continuous Conveyors. — Until quite recently, the most popular 
method of automatically handling coal and ashes was by means of con- 
tinuous conveyors and elevators. While certain types of these conveyors 
are still used in the modem power house, the tendency is to do away as 
much as possible with machinery the parts of which are subject to excess- 
ive wear and high maintenance costs. For example: Horizontal con- 
veyors depending upon links for their operation are being supplanted by 
cable drives, and bucket elevators are giving way to simple cable-operated 
hoists. Then, too, ashes and fuel are handled separately, because of the 
abrasive action of the ashes, instead of being transported by the same 
systems. Continuous conveyors may be grouped into two general classes: 

1. Those which push or pull the material, but in which the weight of 
the load is not borne by the moving parts. 

2. Those which actually carry the load. 

A few of the more important types will be treated briefly. 

Screw or Spiral Conveyors. These consist of a stamped or rolled 
sheet-steel spiral secured by lugs to a hollow shaft (usually a standard or 
extra-heavy pipe) revolving in a trough or enclosed conduit which it fits 
approximately. Standard sizes range from 3 to 18 in. in diameter and 
are made in sections from 8 to 12 ft. long. 


TABLE 35 

SPEEDS AND CAPACITIES OP SCREW CONVEYORS 
(Fine Coal) 


Diam. screw, in 

6 

7 

8 

9 

10 

12 

14 

16 

18 

Maximum r.p.m 

Capacity per hr. fine 

115 

no 

105 

100 

95 

90 

85 

80 

75 

coal, tons 


7 

14 

16 

21 

36 

48 

80 

no 


On account of the torsional strain on the shaft, the maximum length 
seldom exceeds 100 ft. Single sections may be used as feeders on inclines 
up to 15 deg. Vertical screw conveyors are used for conveying certain 
materials, such as grain, cottonseed, fuller’s earth, and the like, but not 
for bulk coal or ash. Low first cost, compactness and adaptability to 
space requirements are the advantages of this type, but these may be 
offset by high power consumption and excessive wear. The following 
equation gives a means of approximating the power requirements for 
horizontal runs. 


Hp. » CTrL/33,000 


(61) 
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in which 

C = 2.0 to 3.0 for coal and 2.5 to 4.0 for ashes, 

W = capacity in lb. per minute, 

L = length of the conveyor in feet. 

’ The power to operate screw conveyors depends so much upon the 
specific nature and condition of the fuel and ashes to be handled that the 
constants in the above equation should be used advisedly. Short-length 
screw conveyors are commonly used for powdered-coal feeders, and occa- 
sionally for sized bulk coal, but conveyors of the screw type are not 
suitable for handling ashes. 

Scraper or Flight Conveyor. This consists of a trough of any desired 
cross section and a single or double strand of chain carrying flights or 
scrapers of approximately the same shape as the trough. The flights 
scrape the material along the trough, discharging at the end through gate- 
controlled openings in the bottom of the conduit. Three types of flight 
conveyors are in common use: plain scraper, suspended flights, and roller 
flight. In the plain scraper the flights are suspended from the chain and 
drag along the bottom of the trough. In the suspended flight conveyor 
the flights are attached to cross bars having wearing-shoes at each end, 
and do not touch the trough at any point. The roller flight differs from 
the suspended type only in the substitution of rollers for the wearing- 
shoes. A typical installation of scraper and drag-chain conveyors is 
illustrated in Fig. 163. The coal conveyor is a single-strand roller flight, 
80 ft. in length between centers, dr iven by a 5-hp. electric motor. It has 
a capacity of 15 tons of buckwheat coal per hr. The ash conveyor is a 
single-strand drag-chain with 87 ft. centers on the horizontal run and 6 ft. 
between vertical centers. The chain operates in an extra heavy cast-iron 
trough set in a cement trench and is operated by a 5-hp. motor. Flight 
conveyors are low priced and offer an economical and efficient means of 
handling coal and ashes in small plants. 

Apron conveyors are commonly used for conveying coal from the track 
hopper to the main conveyor and elevator. The most elementary form 
consists of flat steel plates attached between two chains and forming a 
continuous platform or apron. Since the load is carried and not dragged, 
less power is required than with the scraper type and the maintenance is 
lower. These carriers are not suitable for elevating material except at an 
inclination not exceeding 30 deg. End discharge only is possible. Figure 
164 shows a typical apron-conveyor installation. 

Pan Conveyors and Open-top Conveyors are similar to the apron 
carriers except that pans or buckets take the place of the flat or corru- 
gated apron plates. These conveyors are used where pans deeper than 
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those of an apron conveyor are required, as on inclines too flat for elevators 
and too steiep for efficient operation of ffight or apron conveyors. Con- 



veyors of this type are usually run at speeds of 30 ft. to 50 ft. per minute 
and, when equipped with self-oiling rollers of 6-in. to 8-in. diameter, demand 
but little power for their operation above theoretical load requirements. 
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The power required to operate flight, apron, and open-top conveyors 
may be closely approximated by the following empirical equation:^ 



Fig. 164. Typical Apron-conveyor Installation for Handling Coal and Ashes. 


in which 

Hp. ~ the hp. required at the conveyor drive shaft, 

Ay B — constants as in Table 36, 

W == weight of conveyor per ft. of run, lb., 

L *= distance between centers of head and tail sprockets, ft., 

S = speed of conveyor, ft. per min., 

T *= capacity of conveyor, tons (2000 lb.) per hr., 

05 = 1, for conveyors up to 100 ft. centers and 2, for longer conveyors. 

^ C. K. Baldwin, The Robins Conveying Belt Co. 
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If the conveyor is composed of portions on different inclines, compute 
the power for each section separately and add 10 per cent for each change 
in direction. 

The V-bucket conveyor consists of a series of V-shaped buckets rigidly 
fastened to the conveyor chain. The buckets act essentially as a drag 
conveyor on horizontal runs, each bucket pushing its half-spilled load 



Fig. 165. Typical V-Bucket Installation for Handling Coal and Ashes 


ahead of it through a suitable trough. On vertical runs they act as 
elevators. A typical V-bucket conveyor for handling coal and a pan 
conveyor for handling ashes are illustrated in Fig. 165. The power re- 
quirements may be approximated from the following empirical equations: 


„ AWL'H , BLiT 
Hp. = - + 


TH 


1000 


1000 ' 1000 


- 1 - 1/2 x' 


( 63 ) 


in which 

L' = horizontal length of conveyor, ft., 

Li — total horizontal length traversed by the loaded bucket, ft., 

H = total vertical traverse, ft., 

x' = number of 90-deg. turns in the conveyor. 

Other notations as in equation (62) 
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TABLE 36 

VALUES OP CONSTANTS IN CHAIN-CON VETOR POWER FORMULAS 


Angle of 
Conveyor 
with 

Horizontal 

Deg . 

A. 

B. 

Scraper, A^n and 
Open Top 

B. 

V-Bucket and Pivoted 
Bucket 

Sliding 

Block 

3i-in. 

Boiler, 

f^in. 

Pm 

6-in. 

Roller, 

lirin. 

Pm 

l|-in. 

Roller, 

li-m. 

Pm 

Anthra- 

cite 

Coal 

Bitu- 

minous 

Coal 

Ashes 

3i-in. 

Roller, 

6-in. 

Roller, 

Ij-in. 

Pin 

6-in. 

Roller, 

U-in. 

Pin 

0 

ipi 


0 0046 


0.33 


0.54 




6 





0.43 


0.63 

0.17 

0.18 


12 

0.030 

0 0042 



0.54 

0.79 

EKl 

0.28 

0.28 

0.29 

18 

0.029 

■IWITIllB 



0.63 


0.82 

0.38 

0.38 

0.39 

24 

0.028 


0.0042 


0 72 


Km !■ 

0.48 

0.48 

0.49 

30 

0.026 

■jjBjxCT 



0 79 



0.57 

0.57 

0.58 

36 

0 025 


0.0037 


0.86 

1.08 

nR9 

0.65 

0.66 

0.66 

42 

0.023 

0.0032 


0.0037 

0.92 

1.12 

■El 

0 73 

0.73 

0.74 

' 48 




0.0033 

0.97 

1.15 

1.11 


0.80 

0.81 


The Pivoted Overlapping Bucket conveyor is perhaps the most popular 
type of continuous conveyor for handling coal. It consists essentially of a 
continuous series of buckets pivotally suspended between two endless 
chains. The buckets at all times maintain their carrying position by 
gravity whether the chain is horizontal, vertical, or inclined. By means 
of this system no transfer of material is necessary and discharge may be 
made at any desired point. Figure 166 gives a diagrammatic arrange- 
ment of a pivoted overlapping-bucket conveyor illustrating the principles 
of a complete coal-handling system, and Fig. 167 illustrates its application 
to a typical boiler plant. 

Referring to Fig. 166, coal is fed to the crusher by the reciprocating 
feeder,’^ which is usually placed directly under the track hopper. The 
feeder consists of a heavy steel plate mounted on rollers and having a re- 
ciprocating movement effected by a crank mechanism from the carrier. 
The amount of coal delivered depends upon the distance the plate moves, 
and this can be varied by changing the throw of the eccentric. The 
number of strokes corresponds to the number of buckets. Any size coal 
can be readily handled. The buckets are made of malleable iron. The 
capacity of the smallest standard-size carrier is 15-20 tons per hr. at a speed 
of 30-40 ft. per min., and that of the largest 200-350 tons per hr, at a speed 
of 50-80 ft. per min. When the distance from track hopper to carrier 
is so great that the reciprocating feeder is not practicable, an apron or 
belt cross conveyor is used to supply the crusher with fuel. 

The Hunt Conveyor, Fig. 168, while usually called a bucket ” con- 
veyor, is in fact a series of cars connected by a chain, each having a body 
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hung on pivots and kept in an upright position by gravity. The chain is 
driven by pawls instead of by sprocket wheels. The “ buckets ” are up- 




m 




m 




Vm. 167. Pivoted Overlsppmg>bucket Installation showing Location of Fine 
Coal and Ash Hoiq>er. 

right in all positions of the chain; consequently the chtun can be dri ren 
in any direction. The change of direction of the chain is accomplislied 
by guiding the carriers over curved tracks. The chain moves slowfy, 
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Fig. 168 . Driving Mechanism of 
Hunt Bucket Conveyor. 


and the capacity is governed by the size of the buckets. The ordinary 
size of buckets carry 2 cu. ft. of coal and move at a rate of fifteen buckets 
a minute, carrying about 40 tons per hour. Two methods of filling the 
buckets are employed, the measuring ” and the “ spout filler.” In the 
former, each bucket is separately filled to a predetermined amount by a 
suitable measuring feeder.” In the 
latter, the material is spouted in a con- 
tinuous stream, necessitating the use of 
overlapping buckets to prevent spilling 
of the material. 

The power required to operate carrier 
conveyors of the pivoted-bucket type may 
be approximated from formula (G3), by 
using the proper value for B as given 
in Table 36. 

Owing to the abrasive nature of ash, 
the maintenance cost of mechanical con- 
veyors is high. The ash grinds away the connecting pins, and, even 
with regular renewals, the pins, unless of the enclosed-lubricatcd type, 
are apt to wear excessively and cause breakdowns. A breakdown in a 
long bucket-conveyor system may cause several days^ delay before the 
system can be put into operation again. 

Belt Conveyors have a distinctive advantage over most other types of 
carriers in that they may be driven from any 
point in their length. The driving machinery 
is extremely simple; power is applied to one 
or more pulleys over v^hich the conveyor 
belt passes. The maximum width of con- 
veyors is limited only by the fiber stress in 
the belt. (Conveyors 1000 ft. from center to 
center, handling 500 tons per hr., have been 
successfully operated. Inclinations are limited by the angle of repose of 
the material. In power plant service they seldom exceed 20 deg. 

The Robins Belt Conveyor, Fig. 169, consists essentially of a thick belt 
of the required width driven by suitable pulleys and carried upon idlers so 
arranged that the belt becomes trough-shaped in cross section. For 
heavy duty, five pulleys are employed instead of three, as illustrated, in 
order that the line of contact may more nearly approach the arc of a 
circle. The belt is constructed of woven cotton duck, 3-4 ply for 14-in. 
widths to 8-9 ply for 60-in. widths, covered with a special rubber com- 
pound on both sides. An extra covering 1/16 to 1/4-in. thick is used on 
the carrying side. The rubber is thicker at the middle than at the edges, 


IVough 



Pci= 


m 


Return Idlers 

Fia. 169. Arrangement of 
Pulleys — Belt Conveyor. 
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since the wear is greatest in a line along the center, but the thickness of 
the belt is uniform throughout its entire width. The edges are reinforced 
with extra piles of duck to increase the tensile strength. The idlers are 
carried by iron or wooden framework, and are spaced from 3 to 6 ft. be- 
tween centers on the troughing side, according to the width of belt and the 
weight of the load. On the return side these distances range from 8 to 12 
ft. High-speed rotary brushes with interchangeable steel bristles pre- 
vent wet, sticky material from clinging to the belt. Automatic tripping 
devices placed at the proper points cause the material to be discharged 
where it is needed. The trippers consist essentially of two pulleys, one 
above and slightly in advance of the other, the belt running over the 
upper and under the lower one, the course of the belt resembling the letter 
S. The material is discharged into chutes on the first downward turn of 
the belt. The trippers may be movable or fixed, single or in series. Mov- 



Fig. 170. Hand-propelled Tripper for Belt Conveyor. 


able trippers are used when it is desired to discharge the load evenly along 
the entire length, as, for instance, in a continuous row of bins, while fixed 
trippers are employed where the load is to be discharged at certain and 
somewhat separated points. The movable trippers are made in two 
forms, hand-driven and automatic.^’ In the former they are moved 
from point to point by means of a hand crank. The “ automatic tripper 
is propelled by the conveying belt through the medium of gearing. It 
reverses its direction automatically at either end of the run and travels 
back and forth continuously, distributing its load. It can be stopped, 
reversed, or made stationary at wiU. 

The power required to drive belt conveyors may be approximated from 
the following mpirical equations used by the Jeffrey Company. 

For level conveyors: 

Hp. = {CS + 2.33 T)L^ 33,000 (64) 

For inclined conveyors: 

Hp. « iCS + 2.33 T)L^ 33,000 + TH/m 


( 66 ) 
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C == constant as given in Table 37, 

S = belt speed ft. per min., 

T = load in tons (2000 lb.) per hr., 

L = length of conveyor between centers, ft., 
H = vertical lift of material. 


TABLE 37 

POWER REQtnREMBNTS FOB BELT CONVEYORS 
(Coal and Ashes) 


Width of belt 

14 

16 

18 

20 

24 

30 

36 

42 

C 

Hp. required for each movable 

0.75 

1.05 

1.35 

1.70 

2.0 

2.45 

3.55 

4.15 

or fixed tripper 

1.0 

1.0 

1.5 

1.5 

1.5 

2 

2 

3 


r Belt-conveyor Operating Data: Power, Oct. 3, 1916, p. 490. 
Economica of Conveyor Equipments: Eng. Mag., Nov., 1916, p. 231. 


TABLE 38 


CAPAaTTES OP BELT CONVEYORS 
TONS (2000 LB.) OP COAL PER HR. AT VARIOUS BELT SPEEDS 


Width 
of Belt, 
In. 

Belt Speed, Ft. per Min. 

Width 
of Belt, 
In. 

Belt Speed, Ft. per Min. 

300 

350 

300 

350 

400 

450 

500 

550 

600 

12 

34 


24 

139 


184 





14 

49 


30 

216 

252 

288 

324 




16 

62 


36 

311 

363 

414 

466 

518 



18 

80 

92 

42 

423 

493 

564 

635 

705 



20 

96 

112 

48 

552 

644 

737 

830 



1105 


Coal Sortedj Stored and Transported by Belt-conveyor System: Power, Oct. 16, 1923, 
p. 599. 

Using Conveyors in Small Plants: Ir. Td, Rev., Nov. 22, 1923, p. 1428. 


122. Skip Hoist. — The skip hoist is one of the oldest, and at the same 
time the simplest, means of elevating coal or ash, and is finding increasing 
favor with engineers, particularly in the handling of ash. It. consists es- 
sentially of a vertical or inclined frame or hoistway, a bucket or car guided 
by the frame, and a cable for hoisting the bucket. The bucket is so 
pivoted, with reference to its center of gravity, as to be held in the up- 
right position by its own weight, and the weight of the load. A separate 
curved guide is located at the dumping point near the top of the hoistway, 
and engages a roller on each side of the bucket, pulling it into the dumping 
position. In the modem design the operation is entirely automatic and is 
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substantially as follows: The skip bucket is filled with coal or ash and the 
driving motor is put into service from any suitable control point. This 
automatically starts the hoist, and the bucket is raised to the dumping 
point. The arrival of the bucket at the dumping point automatically 
stops the hoist and operates, a solenoid brake which holds the bucket at 
the dumping point for a predetermined length of time. Having remained 
at the dumping point long chough for the contents to be emptied, the bucket 
automatically returns to the foot of the hoistway, ready for another load. 

Maintenance is very low, power 
is used only when the material 
is being hoisted, and large hard 
clinkers are easily handled; 
but initial cost is comparatively 
high. This skip hoist offers one 
of the most satisfactory means 
of elevating ash, because of its 
low cost of upkeep. 

Storage battery and gasoline 
operated trucks, hand cars and 
automatic cable cars are in use 
in several plants for handling 
coal and ashes on horizontal or 
slightly inclined runs, but they 
must be either lifted bodily by 
elevators or the contents must 
be dumped into suitable con- 
veyors for vertical lifts, 
laa* MonoraU: Telpherage. — The telpher is a form of hoist which lifts 
and transfers the load on a single rail or track from one point to another. 
Both hoisting and travel may be accomplished by either hand or power. 
Where electric power is used, the hoist and carriage are made in two forms: 
one, in which both the hoisting and travel are controlled from the ground 
and it is necessary for the operator to walk with the carriage; the other, 
in which the operator rides in the car and manipulates the control from the 
carriage. Figure 172 illustrates a very simple and economical method 
of handling coal and ashes as installed by the Jeffrey Mfg. Co. at the 
power plant of the Scioto Traction Co., embodying the telpher systems. 
If the coal car is of the dump type, the contents are discharged directly 
into the coal pit, from which the coal is removed by grab bucket and 
transferred either to the overhead bunker or to the storage pile. If the 
coal car is of the gondola t 3 rpe, the coal is removed directly from the car by 
the grab bucket. The bucket is hoisted and carried on the trolley into the 



AshCu 
a 

^ Loading A 

^Skip BaokaC'Soadfog Coal 

Fig. 171. Typical Skip-hoist Installation. 
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building over the screen hoppers, where it discharges its contents; the 
finer particles fall directly into the bunker and the larger lumps are auto- 
matically delivered to the crusher. The grab bucket will take about 98 
per cent of the coal in the car, leaving only 2 per cent to be removed by 
hand. Coal is fed to the stokers by means of a traveling electric hopper 
which receives its supply from the overhead bunkers. The present capac- 
ity of the plant is 60 tons per hr., taken from fee car or pit to stock pQe. 

Pneumatic and Hydraulic Systems. See paragraph 124. 



124. ABh-handllng Systems. — While many of the various systems of 
handling coal can be applied to the handling of ash and other fuel refuse, 
it must be remembered that the latter may be dripping wet, red hot, dry 
and dusty, soft, hard, granular, or in the shape of large clinkers; and that 
the abrasive action of all ash, dry or wet, and the corrosive action of wet 
ash seriously affect the life and maintenance of rubbing surfaces and sheet- 
metal parts. For this reason it is good practice, particularly in large 
stations, to handle the fuel and refuse with independent systems and with 
as little machinery as practicable. 

Gravity Sjrstems. One of the simplest and most efficient means of re- 
moving ash is to dump it directly from hopper ashpits into railroad cars, 
without the use of any machinery other than that required to open and 
close ash gates. This system is applicable only where the firing aisle is 
designed for a considerable height above ground level. Such an installa- 
tion is shown in Fig. 175, The only maintenanoe required is upkeep of 
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ashpit linings and dumping doors. Caterpillar tractors, motor trucks, 
industrial cars, or wagons are used where railroad tracks do not enter 
the plant. 

The Hydraulic Ck>nveyor or Sluice. This system is another example of 



Fio. 175. Coal and Ash Handling System at “ Northwest ” Station. 


horizontal conveyance which has many good features. In this system a 
stream of high-velocity water hows in flmnes or open conduits imdemeath 
the ashpit and carries the ash to waste or to a sump from which it is re- 
olaimed by suitable means. With continuous-dumping stokers, such as 
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Pia. 176. 


Water Conveyor at “ Hell 
Gate'* Station. 


chain-grates or underfeeds equipped with clinker grinders, the ash may be 
discharged directly into the running stream; but with dumping stokers or 
any firing system where large clinkers are to be expected, the refuse is 
dumped on to a grizzly or massive bars on which the clinkers may be 
broken. Where ash is discharged intermittently, or where large hoppers 

are provided with continuous-dis- 
charge stokers, the water need be 
running only while dumping is in 
progress. With natural draft, the 
ashpit should be sealed so as to 
prevent excess air from passing up 
the stoker dumps. A typical in- 
stallation of this class of conveyor is 
at the Hell Gate plant. Fig. 176. 

Open flumes of concrete, with a 
bottom lining of vitrified earthen 
drain tiles, are installed below each 
line of boilers and discharge into a collecting cross flume which runs 
along the boiler wall near the turbine room. The cross flumes lead into 
a closed conduit which in turn discharges into a pit near the river. The 
ash is recovered from this pit by a locomotive-type grab bucket and dis- 
charged into scows, 
and the water over- 
flows into the river. 

The water supply is 
taken from the con- 
denser circulating 
discharge tunnel, 
pumped against a 
head of 75 ft. by 
three 12-in. centrif- 
ugal pumps con- 
nected to 150 hp. 
motors, and dis- 
charged into the 

flumes through a series of nozzles. At the Lacomb Station of the Denver 
Gas 4 Electric Light Co., the water is passed through a screen and 
recirculated instead of being discharged to waste. 

Submerged Cross-bar Conveyor. The scraper conveyor has been a 
favorite with engineers for years, but it is only within the last few years 
that this system of conveyance has been applied to water-filled troughs, 
[n the latest installations, both the upper and the lower chains run under 



Fig. 177. 


Ash Handling System at ** Springdale’’ 
Station. 
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the surface of the water (see Fig. 178). Ordinarily no crusher is neces- 
sary, as the space between chains and cross bars is sufficient to allow loose 
clinkers to fall through the upper runs of the chains into the water; and 
the hot clinkers are disintegrated by the action of the water. With 
stokers of the continuous discharge t}^, no ashpit is necessary and a seal 
is effected by dipping the ash spouts below the water level of the trough. 



Fig. 178. Cross-bar Conveyor and Water-seal Chain. 


There is no flow of water, and it is only necessary to add enough makeup 
water to take care of that absorbed by the ash. Excess water is removed 
by elevating the discharge end of the trough so that the surplus will 
gravitate back to the trench. 

Pneumatic Systems. When air is passed through a pipe at sufficiently 
high velocity, it is capable of carrying dry solid material of considerable 
size along with it. The high velocity may be established by forcing air 



Fig. 179. A Typical Vacuum Ash-handling System. 

through the pipe under pressure greater thail atmospheric, or by creating 
a partial vacuum in the pipe. The pressure system is commonly used in 
conveying powdered fuel from one point to another, and the vacuum 
system in removing refuse from ashpits and combustion ash from uptakes, 
economizers, breechings, etc. The vacuum system has also been used for 
conveying bulk coal but only to a very limited extent. 

The vacuum system consists primarily of a line of pipes into which the 
ashes are fed and through which they are carried to a discharge point by 
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the air current. Ash or soot intake fittings, which can be closed when not 
in use, are installed at suitable points in the pipe line, and an air intake is 
provided at the extreme end of the line. In some of the older plants and 
in a few modern installations where conditions are favorable, the vacuum ift 
created in an air-tight storage tank at the discharge end of the pipe line, 



the entire system being under a partial vacuum. This method is used 
so little iii steam power plant practice that no attempt will be made to 
describe it. 

Figures 179 and 180 show applications of the modern vacuum system 
for removing refuse from the ashpit. It will be seen that the suction is 
created by one or more steam jets placed between 
the pip^ inlet and discharge tank. Only that por- 
tion of the pipe line between the intake openings 
and the jet is under suction, the portion beyond 
being usually imder pressure. The nozzles producing 
the jet are of monel metal or hard brass and are of 
the divergent type (angle 8 to 10 deg.). They are 
inserted in special fittings, as shown in Figs. 181-3. 
These fittings may be of the straight or angle type, 
depending upon whether they are to be inserted in 
the straight pipe run or in elbows or bends. Only 
one nozzle, Fig. 181, is used in the angle, while two 
nozzles. Fig. 182, are ordinarily inserted in the 
Straight line fitting. A single nozzle in an offset fitting, as in Fig. 183, 
is used by one manufacturer in place of twin nozzles in a straight 
run. The effective suction distance of a single-nozzle fitting is limited 
to approximately 50-60 ft. The effective discharge distance is much 



Fiq. ISl. Typical 90- 
degree Jet Elbow. 
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Split W«ar SaetloB 



Fig. 182. Twin-jet '^Booster” or 
Straight-run Nozzle Fitting. 


greater than its suction distance; therefore, in the average installa- 
tion, no additional steam units are necessary in the discharge line. For 
long runs of pipe, two or more nozzle fittings, or boosters, are required. 
Ashes can be moved economically by air conveyors through a horizontal 
distance of about 500 ft. and to a vertical elevation of about 100 ft. Pipe 
sizes range from 6 to 9 in. in internal di- 
ameter. The maximum capacity of a 6-in. 
conveyor is approximately 4 tons of ash 
per hr., that of the. 8-in., 6 to 9 tons, and 
that of a 9-in., 10 to 15 tons. Sizes above 
9 in. are not practical because of the 
amount of steam required to produce the 
necessary suction. Ashes should not be 
. wet or quenched when fed to an air con- 
veyor, and, of course, must be small enough 
in size to enter the inlet openings. Steam-jet vacuum conveyors use a 
large quantity of steam while running; but since they remove the ash very 
rapidly, the cost of steam per ton of ash removed is^ comparatively small, 
provided the nozzles are correctly proportioned and the ash is supplied 
at a rate near the maximum capacity of the line. Steam-jet conveyors 
cannot be used with low-pressure plants, since it has been found by 
experience that a minimum pressure of 60 lb. gage is required at the 

nozzle for successful operation. One 
lb. of steam will move from 6 to 16 
lb. of ash, depending upon the char- 
acter of the ash, the initial conditions 
of the steam, design of nozzle and 
piping, and the rate of feeding the 
ashes into the pipe. Steam-jet vacuum 

Single-jet “Booster” (United conveyors are usuaity lower in first 
cost than a mechanical conveyor sys- 
tem of equal capacity, take up very 
little space, can be installed in awkward poisitions, result- in cleaner 
basements or firing floors, and ordinarily require litt)6 attention. Because 
of the abrasive action of the ash, moving at high velocities, considerable 
erosion of the pipe and fittings takes place. The wear is greatest at 
the elbows where the direction of flow is changed, and it is customary 
to provide wearing blocks which can be readily replaced. A baffle box 
is usually installed at the top of the ash bin, to break the force of the 
ashes just before they drop into the storage tank. A water spray should 
be installed in connection with all conveyors discharging into the open or 
into a baffle box. 



Fig. 183. 

Conveyor Corporation). 
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Among the popular designs of vacuum ash-handling systems may be 
mentioned those manufactured by the Conveyors Corporation of America, 
United Conveyors Corporation, Brady Conveyor Co., and M. H. Detrick 
Co. 

Ash EaThdling: by John Hunter and Alfred Cotton, Trans. A.S.M.E., Vol. 44, 192^ 
p. 687. Power Plant Engrg., Jan. 1, 1929, p. 21. 

125. Typical Installations In Modern Central Stations. — Figure 184 
shows a section through part of the boiler room of the Calumet Station of 
the Commonwealth Edison Co., illustrating an application of several 
types of conveyors to a modern central station. Coal is delivered to the 
plant in railroad cars, which enter the boiler basement on tracks directly 
underneath the firing aisle. A traveling crane equipped with a clam-shell 
bucket is used to remove the coal from the cars^ and to deliver it either to 
the storage bin adjacent to the track or to a traveling hopper. This 
hopper is equipped with an oscillating feeder by means of which the fuel 
is fed 10 a belt conveyor. The latter is arranged so as to deliver the coal 
directly to a pivoted-bucket conveyor (installed in duplicate) for immediate 
delivery to the overhead bunkers in the boiler room, or to a Bradford coal 
breaker, depending upon whether the coal is in the shape of screenings or 
whether it requires breaking. The coal from the breaker is carried by 
two belt conveyors, installed at right angles to each other, to a Robins 
double-roll crusher. The fuel passing through this crusher is finally 
delivered to the pivoted-bucket conveyors previously mentioned. The 
crusher with its associated conveyors is for emergency in case the breaker 
is out of commission. Each of the elements of the conveying system is 
motor-driven through enclosed gear speed reducers. Ashes are dumped 
directly into railroad cars through pneumatically operated gates. The 
ash hoppers are provided with a sprinkling system for quenching the hot 
cinders and wetting the ash. 

Figure 185 shows a section through the boiler room of the Windsor 
Station of the American Gas & Electric Co. and the West Penn. Power 
Co., illustrating a simple and efficient system of coal and ash handling. 
Coal is dumped from the railroad cars into a concrete pit which runs the 
entire length of the boiler room beneath the firing aisle. From this pit 
the fuel is lifted in a 3 cu. yd. grab bucket operated from an overhead 
crane. After being weighed by a device on the crane, it is discharged into 
the individual boiler hoppers. From the hopper, the coal gravitates 
through down spouts to the stoker hopper. Ash is stored in pits and the 
accumulation dropped into transfer cars. 

In the South Meadow Station of the Hartford Electric Light Co., 
Fig. 186, coal is dumped into covered track hoppers. From the track 

^ ^ Revolving car dumper now used for this purpose. 
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hopper, the fuel is discharged upon an apron conveyor, which delivers it 
to two roll crushers. Chutes and by-passes permit discharge from either 



conveyor to either crusher, also from either crusher to either of the two 
bucket elevator conveyors. These elevators deliver the coal to the 
central bunker. Drives of conveyors, crushers, and electric elevators 
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are induction motors with controls so interlocked that starting and stopping 
can be done only in proper sequence. 

126. Powdered-fuel Conveying Plants. — Figure 187 gives an isometric 
view of the powdered coal plant at the Avon Station of the Cleveland 
Electric Illuminating Co., illustrating a typical central or storage system. 
Raw coal (Pittsburgh No. 8 bituminous, 12,500 B.t.u., 6 per cent moisture) 
is unloaded into a receiving hopper by a rotary dump and elevated to a 
Bradford Breaker where it is crushed. It is then passed over a magnetic 



Fig. 185. Coal and Ash-handling System at ** Windsor Station 


separator to a skip hoist for elevation to the top of the coal preparation 
plant. After passing over another set of magnetic separators it is dis- 
tributed by belt conveyor to the overhead crush-coal bunkers. The 
crushed coal flows by gravity from the bunkers through steam-heated 
dryers, which reduces the moisture content to 3 per cent, into the impact 
mills. The powdered product is then exhausted into a cyclone separator 
and transported to weighing tanks by screw conveyors. From this point 
it is conveyed by a Fuller-Kinyon pump to the overhead powdered-coal 
bunkers and thence to the fan-tail burners. The '^pump ** is essentially 
a worm or screw revolving in a closed chamber. The worm moves the 
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fuel to the end of the volume of compressed air. The air-fuel mixture is 
forced from this point through a reducing nozzle to the various bins. The 
ashes are discharged through air-operated gates to a hydraulic sluice-way. 



Fig. 186. Coal and Ash-handling System at “South Meadow” Station. 


The entire coal-handling system is motor driven and electrically interlocked 
to prevent clogging. 

Figure 188 gives a general assembly of the powdered-coal plant at the 
Calumet Station of the Commonwealth Edison Co., illustrating a modern 
large *^unit system.” Raw coal (Kincaid, Central Illinois, 10,000 B.t.u. 
per lb., 14.6 per cent moisture) is conveyed from the crusher to the storage 
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bunker as shown. From this point it is passed through an air-heated 
dryer, where the moisture content is reduced to 10 per cent, and thence to 
the ball mill from which the powdered product is pumped into the overhead 
storage bin. From the bin it descends by gravity through weighing 
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2 -Wav valves 


Crushed* coal 


bunker, 270 tons 



draulic Lower mag. sep 


i iluicea Loading hopp 
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Fig. 187, Typical Central or Storage Plant — Avon Station. 


hoppers into the feeder and thence to the burners. This unit has a maxi- 
mum capacity of 20 tons of coal per hour. 

The induced and forced draft fans are located above the boiler on the 
induced draft fan floor level. The forced draft fans handle cold air and 
discharge it through the preheater. The hot air from the preheater is 
carried to the front of the boiler by means of two air ducts, one on each 
side of the boiler. The duct on the right side of the boiler furnishes pre- 
heated air to the other four burners as secondary air, to the other side of 
the dryer, and also to the primary air fan. The air going to the dryer and 
primary air fan is tempered with cold air. 

The equipment of this unit is as follows: B. & W. boiler, 5940 sq. ft.; 
furnace, 12,397 cu. ft. covered with Bailey blocks; B. & W. 3-pass super- 
heater, 3000 sq. ft.; B. & W. loop-type economizer, 8850 sq. ft.; B. & W. 
tubular preheater, 41,700 sq. ft.; induced draft fans, 144,000 c.f.m. at 
300 deg. and 12 in. static; forced draft fans, 58,000 c.f.m. at 70 deg. and 
4 in. static; Carrier air washer 600 g.p.m.; Fuller-Randolph dryer, 30,000 
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lb. per hr.; Fuller-Lehigh pulverizer, 30,000 lb. per hr.; Bailey feeders, 
1000 lb, per hr.; Bailey screw-type burners 60 X f primary opening; 
primary air fans, 15,000 c.f.m. at 200 deg. and 10 in. static; exhauster, 
57,500 c.f.m. at 140 deg. and 7 in. static; cyclones, 144 in. Fuller-Lehigh 
type. 



Fig. 188. Typical Unit System — Calumet Station. 


127. Fuel-oil Feeding Systems. — Oil may be transferred from the 
supply tank to the burner by (1) gravity feed, (2) column gravity feed, 
(3) compressed air, and (4) steam or motor-driven oil pumps. All of these 
systems may be found in present-day operation, but by far the great 
majority in steam power plant practice are of the oil-pump class; for 
this reason, no attempt will be made to describe any but the pumping 
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systems. All oil-feeding systems must be installed in accordance with 
Underwriters^ requirements and commimity ordinances, except, of course, 
where there are no restrictions and fire insurance is not desired. 

Figure 189 gives a diagrammatic .arrangement of the equipment and 
piping in a typical oil pump system, illustrating current practice with 
burners of the steam-atomizing type. Steam-actuated oil pumps, in- 
stalled in duplicate, draw the fuel from the service tank and deliver it 
under pressure to the burners. The oil supply to the pump must be of 
sufficiently low viscosity to flow freely. With many of the low-Baum6 



fuel oils, this necessitates preheating to between 90 and 110 deg. fahr. 
The piping is cross-connected so that repairs can be made without inter- 
rupting the service. The oil is forced by the pump through a heater re- 
ceiving its heat from the pump exhaust. With the steam-atomizer type 
of burner, oil temperatures at the burners above 160 deg. fahr. are seldom 
necessary. Therefore, the pump exhaust has sufficient temperature to 
effect the necessary heating, provided, of course, the amount of steam is 
ample. The heating of the oil should not exceed the vaporizing point 
under the existing oil pressure, otherwise a sputtering flame may result. 
Strainers of the duplicate type are placed between the supply tank and 
pump suction, and in the oil-feed line between the pump and burners 
The relief valve between the pump and burners is set at a definite maxi- 
mum oil pressure so as to prevent excessive pressure. All oil piping is 
installed so that it can be drained back to the storage tank by gravity 
in case of necessity. In small plants, the oil and steam pressures are 
usually regulated by hand at each individual burner. In many plants 
the oil and atomizing steam pressures and the air supply are automatically 
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controlled. A popular automatic control, used principally on the Pacific 
Coast, is the Moore-Patent automatic fuel-oil regulating system. This 
system controls the supply of oil to all burners, the supply of the atomiz- 
ing agent to all burners, and the sxjpply of air for combustion, for any 
number of burners, all from a central point. In this system all individual 
burner valves, both steam and oil, are opened wide or nearly so, and all 
burners are operated under full pressure in the respective mains. In the 
larger plants, all dampers are connected to a common rocker shaft and 
move simultaneously. A slight 
variation in the steam pressure 
on the boilers, due to any 
variation in the demand for 
steam, is the primary means 
of control for a steam regu- 
lator or governor which varies 
the oil pressure at the oil pumps 
and in the oil main. The sup- 
ply of steam to the burners is 
controlled by regulating the 
pressure in a separate low-pressure main common to all burners, the 
pressure in the steam main bearing a certain predetermined relationship 
to the pressure in the oil main and being controlled by a ratio regulator. 
By means of a specially constructed diaphragm regulator, the opening of 
the boiler dampers is made to increase or decrease with a corresponding 
variation of pressure in the oil main. For a description of this apparatus, 
consult Trans. A.S.M.E., Vol. 30, 1909, p. 804. The relation between 
boiler rating and oil and steam pressures for a special case is given in 
Fig. 190 



. 60 70 80 90 100 110 120 130 140 150 

Percent of Rated Capacity of Boiler 

Fig. 190. Relation Between Oil and Steam 
Pressure — Steam Atomizers, Automatic 
Control. 


TABLE 39 

TEMPERATURE OF FUEL OILS FOR MECHANICAL ATOMIZATION 
(Peabody Engijooring Corporation) 


Specifio Gravity 
of Oils 

Deg. Baumd 

Temperature to Which 
Oil Should be Heated 
Deg. Fahr. 

Specific Gravity 
of Oils 

Deg. Baum6 

Temperature to Which 
Oil Should be Heated 
Deg. Fahr. 

10.5 

330 

18 

185 

11 

315 

20 

160 

12 

290 

22 

140 

13 

270 

24 

125 

14 

250 

26 

110 

15 

230 

28 

95 

16 

210 

30 

85 
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The oil-feeding system for mechanical burners differs from that of steam 
burners only in the elimination of the steam line to burners and in the 
use of higher oil pressures and temperatures. The pressure depends upon 
the viscosity of the oil and the rate of combustion, but ranges approxi- 
mately from 75 to 250 lb. per sq. in. The viscosity of liquid fuel is not 
strictly a function of specific gravity. Water-gas tar, for example, while 
very heavy (in fact, heavier than water) is at the same time very fluid 
and requires no heating for use in mechanical atomizers. For average 
fuel oils, the temperatures are approximately as in Table 39. The oil 
pumps may be steam or motor driven, but should be of the rotary type 
in order to avoid pulsations. The temperature of the oil is ordinarily 
above that of the pump exhaust, and the heaters are therefore of the live- 
steam type. The full-line oil pressure should always be maintained at 
the tip of a mechanical atomizer, the individual burner valves always 
being left open. The variation in load may be handled either by cutting 

in or cutting out the indi- 
vidual burners, or preferably 
by varying the oil pressures 
at the pump, or through 
the agency of a master valve 
leading to the burners. 
Mechanical oil burners are 
readily controlled automatr 
ically. In the Merit Auto- 
matic Oil System the oil 
pressure on the discharge 
side of the pump is governed 
through a* steam-actuated 
master controller set, directly 
connected to the main steam 
header. This “master con- 
troller set,^^ located near the 
• pumps, operates a damper 

interlocking device on the front of each battery of boilers and controls 
the fires and dampers in three predetermined steps. Separate and in- 
dependent adjustments are provided for the pressure of oil to burner, for 
flue damper and speed of fans (when used). As the mechanism con- 
trolling the fire is interlocked with that governing the draft, a change 
in the firing cannot be made until the dampers are in proper position. 

Figure 191 gives a diagrammatic arrangement of the automatic oil- 
stoking system at the power plant of the Narragansett Electric Lighting 
Co. The mercury-sealed bells, actuated by duct pressures, control the 



Fig. 191. Diagram of Automatic Oil-stoking 
Control Narragansett Elec. L^t’g. Co. 
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forced-draft fan through the opening of damper Z>, Mason-t 3 rpe regulator 
R if the fan is motor-driven, or through regulator C and a chronometer 
valve in the steam line if the fan is turbine-driven, M is the master 
valve operated by variation in main steam pressure by means of the 
Mason-type regulator R; H is the hydraulic cylinder and piston which 
operate the forced-draft damper, or, if it is used with steam-atomizing 
burners, the stack damper. Water pressure through pipe P actuates the 
diaphragm valve; V and V' are pressure-reducing valves through which 
the oil passes for a low fire. 

The Balanced-Draft, Hagan and Ruggles-Klingeman combustion-con- 
trol systems are also designed to meet the requirements of fuel-oil furnaces. 

Burning Liquid Fuels: Report of Prime Movers Committee, N.E.L.A., T3 1922, 
p. 254; Part B, 1923, p. 297. 

Fvd Oil Handling: Power Plant Engrg., Jan. 1, 1929, p. 53. 

Pipeline Transmission of Crude Oil: Power Plant Engrg., Dec. 1, 1919, p. 1039. 

The Merit Automatic Oil-stoking System: Power, Oct. 4, 1921, p. 531. 

Efficient Healing of Oil Fud: Ind. Management, Vol. 66, July, 1923, p. 36. 


128. Coal- weigh Larries — Coal Valves. — The weigh-* ug of fuel is just as 


important to the economical opera- 
tion of the boiler plant as is the 
weighing of raw material to that 
of an industrial plant. It is sur- 
prising how many boiler plants, 
large and small, make no attempt 
whatever to weigh the fuel after 
it has been delivered to the plant, 
keeping no records for determining 
the fuel consumption but the fuel 
tickets furnished by the distrib- 
utors. While, with certain types 
of stokers, it is possible to closely 
approximate the rate at which fuel 
is being fed to the furnace by the 
speed of the grate or the number 
of strokes of the feeding ram, the 
majority of plants depend upon 
intermittent weighing of the sup- 
ply as it is fed to .overhead bunkers 
or to the individual stoker maga- 
zines. The most popular method 
in the large modem boiler plant is 



Fig. 192. Coal-weigh Larry — Hand- 
propeUed. 


to weigh the fuel in a traveling hopper scale called a larry. The tracks 
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for the lariy run under the down spouts of the overhead bins or storage 
hoppers, and above or on the boiler-room floor, depending upon whether 
the track is of the suspended type or is laid on the floor. The larry 
may be hand-operated and hand-propelled, motor-propelled and hand- 
controlled, or motor-propelled and motor-controlled, depending upon 
the size. Larries afe constructed in various sizes ranging in capacity 
from 1/2 to 25 tons. 

Stationary weighing hoppers may be installed above each stoker magar 
zine, but the first cost is apt to be prohibitive. A typical installation is 

shown in Fig. 193. The bot- 
toms of the overhead coal 
bunkers lead into the small 
hoppers A, A. The operation 
of any single weighing hopper 
is as follows: Coal is fed 
from the overhead bunkers to 
weighing hopper H by means 
of valve F. The weight of 
coal in the weighing hopper is 
transmitted by a system of 
levers and knife edges to the 
enclosed scale beam I and 
noted in the usual way. The 
weighed charge of coal is then 
admitted to the down spout S 
by means of valves similar to 
those at F. Weighing hoppers 
are sometimes made auto- 
matic; that is, the opening 
and closing of valves, feeding 
of coal, and recording of 
weight are automatically per- 
formed by the weight of the 
coal itself. The scale is set 
for discharges of a certain 
weight and continues to discharge this amount automatically. In the 
few plants which are equipped with automatic weighing hoppers, the 
capacity of the hopper is approximately 100 lb. per discharge. 

Figures 194-5 illustrate the principles of a few types of coal valves. 
They may be conveniently grouped into two classes according to the 
location of the coal pocket: (1) those drawing the coal from overhead 
bunkers and, (2) those drawing from the side of a bin. In the first class 



Pig. 193. Stationary Coal-weighing Hoppers. 
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come the simple slide valve and the simplex and duplex rotating valve. 
In the latter class are the flap valve and the rotating valve. They are 
made in various sizes and designs, but those illustrated are examples of 
the more common types. The simple slide valve is applicable only to 
small-size coal and to small spouts, since coarse or lump coal may get in 
the way and prevent proper closing. The simplex valve consists of a 

rotating jaw actuated 

H /Ok by a lever. There are 

\ no rubbing surfaces, 

f V v . . . . j | j^ws cut 

I through the material 
zzzzzsa 'V^N without jamming. 

The duplex valve con- 

a, , o... ^ ^ , sists of two rotating 

Simple Slide Simplex Duplex . ° 

Fig. 194. Typical Coal Valves for Vertical Discharge. j^ws connected to a 

common actuating 

lever. The jaws move simultaneously, so that even a partially open 
valve delivers the coal centrally. When the valve closes, the flow is 
gradually stopped by the decreasing width of the opening and there is 
but little resistance to the movement of the jaws. The largest valve can 
easily be operated by hand. 

The flap valve is the simplest form for drawing coal from a side bin. It 
consists merely of an iron flap hinged to the bottom of the chute. The 
valve is lowered to let the coal run 

over its top and is raised to stop i ^ 

the flow. It cannot be clogged or H ? 

jammed in closing. The flap is raised ] 

and lowered by a simple lever. For // \ 

very large bins, where the valves 
are to be opened and closed fre- f 1 * 

quently, the Seaton '' valve is usu- M j 

ally preferred. This valve consists ^ y 


of two jaws, EE* and TT', pivoted 

to suitable framework at 0 and ° jg"' -lypieal Coal vXL for Side 
actuated by lever A. The valve is Discharge, 

shown fully closed. Raising lever 

A causes the cut-off blade EE' to rotate about 0 and permits the coal 
to flow through the space between the edge of the jaw E and the end 
of the chute. The cut-off blade does not reach a stop; hence there is no 
possibility of a lump of coal getting in the way and preventing the prompt 
closing of the valve. 
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Coal and BantUing Systems: 

Waukegan Station, Public Service Co. of Northern 111.: Power, Jan. 15. 1924^ 
p. 80. Power Plant Engrg. Jan. 15, 1924, p. 119. 

Cherry River Paper Co.: Power, Dec. 18, 1923, p. 990. 

Marysville Plant, Detroit Edison Co.: Power, May 29, 1923, p. 824. 

Hell Gate Station: Power, May 2, 1922, p. 679. 

Delaware Station, Phil. Elec. Co.: Power, May 24, 1921, p. 806. 

Consumer Co., Milwaukee: Elec. Wld., Dec. 29, 1923, p. 1314. 


PROBLEMS 

1 . If power costs 1.5 cents per kw-hr. approximate the cost of moving 20 tons of coal 
per hour a horizontal distance of 60 ft., by means of a screw conveyor. 

2 . Determine the power required to drive a scraper conveyor carrying 50 tons of 
bituminous coal per hour, sliding blocks to be used. The weight of the chain and 
flights with sliding blocks is 26 lb. per linear ft., the capacity^ of the conveyor is 150 
tons per hour. The distance between centers of head and last sprockets is 160 ft. 
and the angle of conveyor with the horizontal is 30 degrees. Speed 50 ft. per min. 

3 . Determine the power required to drive a pivoted bucket carrier having a capacity 
of 60 tons of coal per hour; rollers 6 in. in diameter with 1 3/8-in. pins; weight per ft. 
of empty carrier, 80 lb.; horizontal length of conveyor, 400 ft.; vertical lift, 60 ft.; 4 
right angle turns; horizontal length traversed by loaded buckets, 300 ft.; speed of 
conveyor, 50 ft. per min. 

4 . Determine the power required to elevate 140 tons of coal per hour by means of a 
24-in. belt. Speed of belt, 300 ft. per min.; vertical lift, 30 ft.; length of conveyor 
between centers, 300 ft. The system contains 3 fixed and 2 movable trippers. 

6. A steam-jet conveyor equipped with one 5/8-in. nozzle has a capacity of 8 tons 
of ash per hr. If the steam pressure at the nozzle is 125-lb. gage, quality of steam 
100 per cent, required the lb. of ash removed per lb. of steam when the system is operat- 
ing at full capacity. Use Napier’s rule (equation 280) for calculating weight of steam 
discharged through nozzle. 

6 . What will be the cost of conveying 24 tons of ash if the conveyor in Problem 5 is 
operating at full capacity and other conditions are as follows: Heat value of the coal, 
11,500 B.t.u. per lb. as received; overall efficiency of the boiler units, 70 per cent; 
boiler pressure, 150 lb. gage; feedwater temperature, 180 deg. fahr.; cost of coal, $5 per 
ton of 2000 lb.; fixed and operating charges other than cost of fuel, 40 cents per 1000 
lb. of steam? ^ 


1 Maximum. 



CHAPTER VIII 
CHIMNEYS^ 

l*t. General. — A boiler setting is provided with draft for the purpose 
of properly proportioning air to fuel supply and conveying the prpducts of 
combustion through the complete setting, including furnace, tubes, 
economizers, cinder catchers and the like. The term draft without quali- 
fication in reality signifies flowy but in boiler practice it usually refers to 
the pressure difference producing the flow. Draft may be produced 
mechanically by means of fans, blowers, and steam jets, or thermally by 
meaCns of chimneys. Stacks or chimneys generally offer the simplest 
means of conducting the products of combustion to waste; and since the 
latter must be discharged at a sufficient elevation to prevent their being 
a public nuisance, the height of stack necessary to effec^ this result is often 
sufficient to create the required draft. Even if considerable height must 
be added to the stack over and above that required to discharge the gases 
at a given elevation, the extra cost may be considerably less than that 
incident to mechanical draft operation. For this reason the majority of 
small and moderately sized steam power plants depend upon chimneys 
for draft. In large plants equipped with forced-draft stokers and cinder 
catchers, or where fuel is burned at a high rate of combustion, or where 
economizers are used for abstracting heat from the flue gases, mechanical 
draft is commonly employed; but even in these cases a stack is necessary 
to dispose of the products of combustion. 

130. Chimney Draft. — When in operation, a chimney is filled with a 
column of gases with higher average temperature than that of the sur- 
rounding air. As a result, the density of the gases within the stack is less 
than that of the outer air, and the pressure at the bottom of the column 
is less inside the stack than it is outside. 

The theoretical maximum static draft of a chimney is the difference in 
weight of the column of heated gas inside the stack and of a column of 
outside air of the same height. This maximum can be realized, only when 
there is no flow and there is no transfer of heat, or leakage of air into the 
chimney. 

^ In this text the terms ** chimney ” and stack ” are used synonymously. Builders 
occasionally apply the term ” chimney ” to the masonry and concrete structures, and 
** stack ” to the steel structures. 
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Let D * maximum theoretical static draft, in. of water. 

H = effective height of the chimney, ft. 

da = mean density of the outside air, lb. per cu. ft. 

dc = mean density of the inside gas, lb. per cu. ft. 

O. 192 =s factor for converting pressure in lb. per sq. ft. to in. of water. 

Then 

D = 0.192 H (da - dc) (66) 

While equation (66) offers a simple and accurate means of determining 
the maximum draft pressure for specified densities, it is not easily applied 
in commercial design because of the number of variable factors influencing 
the densities. Thus, the density of atmospheric air may be expressed: 

= (67) 

in which 

P = observed barometric pressure, in. of mercury at 32 deg. fahr. 
h = relative humidity of the air 

Pp = pressure of saturated vapor at temperature Ta, in. of mercury 
Ta = absolute temperature of the air, deg. fahr. 
dp = density of saturated vapor at temperature Ta and in. 
pressure, lb. per cu. ft. 

Similarly, the density of the chimney gases may be expressed: 

dc = Kda {Ta - Tc) ( 68 ) 

in which 

K = ratio of the density of chimney gas to that of dry air at the 
same pressure and temperature. 

Tc — absolute mean temperature of the chimney gases, deg. fahr. 

By combining equations 66, 67, and 68, we may obtain an expression 
which contains all of the variables except those involving the effect of air 
currents across the top of the stack, or, in case of absence of wind, the in- 
fluence of the heated column of gas above the chimney mouth. Some 
idea of the extreme variation, in general power plant practice, of the in- 
fluencing factors may be gained from the following summary: 

P, the barometric pressure, decreases approximately 1 in. of mercury 
for every 1000 ft. increase in altitude, and for a given altitude the extreme 
meteorological variation is as great as 2.0 in. of mercury. 

1 For derivation of this equation see equations (193-5) and (441). 
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fcP, ranges from 0.03 in. of mercury in extremely cold, dry weather to 
1.0 in. on hot, humid days. 

Tay the outside temperature, may 
range from — 10 deg. fahr. or lower to 
110 deg. or even higher. 

hd^ ranges from 0.000032 lb. per cu. 
ft. in extremely cold weather to 0.0015 
in. on hot, humid days. 

K ranges from 1.07 for dry fuels high 
in carbon content, to 0.94 for fuels 
producing flue gases high in moisture 
content. 


Tcy the mean temperature of the 
chimney gases, may range from 800 
deg. fahr. or more to as low as 200 
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Fig. 196. Temperature Variations 
in a 150-ft. Chimney at Different 
Rates of Combustion. 


Temperature of Chimney Gases, Dear. Fahr, 


Index 

Height, Ft. 

Diam., Ft. 

Make 

AA 

A'A' 

260 

18 

Radial Brick 

250 

18 

Radial Brick 

BB 

100 

3 

Steel, Unlined 

CC 

160 

8 

Radial Brick 

DD 

102 

*3X3 

Common Brick 

EE 

332 

t7x 10 

Steel, Lined 


♦Square 

fCircular Ends 


Fig. 197. 


Temperature Variations in 
Chimneys. 


cases may be gained from inspection 


deg. Temperatures below 350 deg. 
are seldom experienced except m 
connection with economizer prac- 
tice. Because of the increased 
height of stack necessary to neu- 
tralize the reduction in stack tem- 
peratures, economizer installations 
are commonly made with mechan- 
ical draft. Attention should be 
called to the fact that the actual 
temperature of the chimney gases 
is not constant but decreases from 
the flue entrance to the top because 
of air infiltration and heat losses. 
This reduction in temperature varies 
with the type, size, and construction 
of the stack, temperature difference 
between the chimney gases and the 
outside air, velocity and direction of 
outside air currents, and numerous 
other factors. Some idea of the 
drop in temperature for a few specific 
of the curves in Figs. 196 and 197. 
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Loss df HecA in Brick Chimneys: Alfred Cotton, Power Plant Engrg, Aug. 1, 1921, 
p. 747. 

Experiments on Stack Performance: Julian Smallwood, Power, Sept. 16, 1919, p. 464. 

Because of the great number of variables and the extreme range in the 
values of the influencing factors, it is customary, where specific data are 
not available, to eliminate all but the more important variables: Thus, 
eliminating hPp and d®, and assuming K = 1, equations (66) to (68) 
may be combined and reduced to the following form: 

D = 0.255 (69) 

An examination of equation (69) will show that for a given set of operat- 
ing conditions the maximum static draft is independent of the stack 
diameter and varies directly with the height. 

The values in Table 40 are based on equation (69). 


TABLE 40 

THBOBETIGAL MAXIMUM DRAFT PRESSURE IN IN. OF WATER, CHIMNEY 100 FT. HIGH 


Mean 


Temperature of External Air, Deg. Fahr. Barometer 29.02 In. of Mercury 


Chimney 
Gases, 
Deg. Fahr. 












0 

10 

20 

30 

40 

60 

60 

70 

80 

00 

100 

200 


0.467 

0.433 




0.313 

0.285 

0.257 

0.231 



0.536 


0.467 

0.435 


0.374 

0.347 

0.319 

0.290 

0.265 


240 

0.568 

0.533 

iUBlOl 

0.467 

0.434 

EESa 

0.377 

0.351 

0.323 

0.297 

0.272 

260 

0,598 

0.564 

0.529 

0.407 

llgRiill 

0.436 

Esna 

0.379 

0,353 

0.327 

0.302 

280 

0.623 

0.592 

0.558 

0.525 

0.494 

0.465 

0.436 

EKSa 

0.382 

0.356 

0.331 

300 


0.619 

0.585 

0.553 

0.521 

0.492 

0.463 

0.435 

EESSl 

0.383 

0.358 

320 


0.644 

0.611 

0.578 

0.547 

0.518 

0.488 

EEMI 

0.438 

0.409 

0.384 

340 


0.669 

0.635 


0.572 

0.542 

0.513 

0.485 

0.459 

0.433 


360 

0.727 

0.692 

0.658 

0.626 

0.595 

0.567 

0.536 


0.482 

0.456 

0.432 



0.715 

0.681 

0.648 

0.617 

0.587 

0.558 

0.531 

E^3 

0.478 

0.454 

400 

0.771 

0.736 

ioirny^a 


0.638 



0.552 

0.525 


0.475 

420 

0.791 


0.722 


0.659 

0.629 

0.600 

0.572 

0.545 


0.496 

440 


0.775 

0.741 



0.648 


0.592 

0.565 

0.539 

0.514 

460 

0.828 

lilWiTl 


0.728 

0.696 

0.666 

0.637 


0.583 

0.557 

0.533 



0.811 

0.778 


0.714 

0.684 

0.655 

0.627 


0.575 

0.550 

500 


0.828 

0.794 

0.762 

0.733 

0.701 

0.672 


0.618 

0.592 

0.567 

520 


0.845 

0.811 


0.747 

0.717 

0.688 


0.634 

0.608 

0.583 

540 

0.894 


0.826 

0.794 

0.763 

0.732 

0.704 

0.676 

0.650 

0.624 



0.910 


0.841 


0.778 

0.747 

0.718 

0.691 

0.664 

0.639 

0.614 

580 

0.925 


0.854 



0.762 

0.734 

0.706 

0.679 

0.654 

0.629 


0.938 



£ H 


0.776 

0.747 

0.719 

0.693 

0.667 

0.643 


0.971 

0.936 


♦ 

1 M 

0.838 


0.780 

0.752 

0.725 

0.699 

0.675 

700 


lUXeyoi 

0.932 

0.868 



0.781 

0.755 

0.729 

wturlill 

750 

1.027 

0.993 

0.959 

0.926 

0.895 

0.865 

0.836 

0.808 

0.782 

0.756 

0.731 


These values are based on the assumption that the chimney gases have the same 
density as the outside air. 
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1. For any other height, multiply the tabular quantity by £r/100 where U is the 
height in.ft. 

2. For any other pressure, multiply the tabular quantity by P/29.92 where P is the 
pressure in in. of mercury. 

This equation gives results within 5 per cent of those calculated from the 
more exact laws, for all but extreme conditions — a negligible error con- 
sidering the probable range in the assumed values for P, P* and Tc- In 
applying equation (69) to the design of power plant chimneys, it is common 
practice to take P as the average barometric pressure for the locality in 
which the stack is to be built, and Pa as the average temperature of the 
outside air. Pc niay be approximated from curves such as shown in Fig. 
197; or, where specific data are not available, it is taken as 0.8 that of 
the flue gases entering the breeching. See Fig. 65 for influence of rate of 
driving on flue-gas temperature for a number of types of boilers. 

Example 23. — Required the maximum theoretical draft pressure which 
may be expected from a brick chimney 175 ft. high, by 96 in. diameter, 
for the following assumed conditions: Barometer, 29.5 in.; temperature 
of outside air, 60 deg. fahr.; temperature of gases entering base of stack, 
550 deg. fahr. 

Solution. — Here P = 29.5; Pa == 460 + 60 = 520; Pc = 0.8 X 550 
+ 460 = 900 (0.8 = assumed factor for temperature reduction). Sub- 
stituting these values in equation (69) and reducing 

C - 0.255 X 29 . 5 ( 4 - 515 ) 175 
= 1.07 in. of water. 

As soon as a flow is established, the static draft will decrease, since part 
of this potential energy is required to impart velocity to the gases and 
overcome the resistance of the chimney walls. Furthermore, the breech- 
ing, boiler, damper, baffles and tubes, and the bed and grate all retard 
the passage of the gases, and the draft from the chimney is required to 
overcome these resistances. If an economizer or a cinder catcher is used, 
this adds a further pressure drop. Neglecting leakage and minor in- 
fluences, the various pressure losses may be expressed: 

D = Pg + Db + Dv + Pd + A + + Dr (70) 

in which P is the maximum theoretical static draft, Pg the pressure drop 
through the fuel and grate necei^ary to effect the desired rate of com- 
bustion, Pj the drop through the boiler, Pp the draft pressure required to 
accelerate the gases from breeching to stack velocity, and P^, P/, P^, Pr, 
the respective pressure drops through the damper, flue, chimney, and right 
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angle turns into the breeching. Transposing equation (70) we have 

Dg + Db + Dd — D -- (Dc + Df+ Df + D„) (71) 

Dg + Db + Dd is the static draft retired at the stack side of the damper. 
D — De, is the effective draft of the chimney and D — (Dc + Df+ D, 
+ D,) is the available draft at the stack side of the damper. 

All of these pressure losses increase approximately with the square of 
the velocity of flow and may be expressed mathematically; but owing to 
extreme diversity in operating conditions, many of the factors entering 
into the analysis can only be roughly approximated, with the ultimate 
result that the calculated values are more or less arbitrary. Considering 
the losses in the order given in equation (70) : 

Z), the total or maximum static draft, may be calculated from equation 
(69). The limitations of this formula have been previously shown. 
the resistance of the fuel bed and grate varies with the kind and condition 
of the fuel, thickness of fire, type of grate, and efficiency of combustion, 
and can only be found accurately by experiment. For every kind of fuel 
and rate of combustion there is a certain draft with which the best results 
are obtained. The curves in Fig, 60 may be used as a general guide, but 
the values are only approximate, because the moisture and dust content 
are not considered. A fuel containing 40 per cent of dust that will pass a 
1/8 in. round screen can be burned at only about 60 per cent of the rate 
which can be secured with the same draft from coal containing only 5 or 
10 per cent of dust. Under certain conditions the addition of water to the 
dust will greatly reduce the fuel-bed resistance. The percentage of solids 
in coal also affects the draft, as will be seen from inspection of Table 41. 
Dg does not enter into the chimney design for oil, gas, and powdered fuel, 
since there is no grate and the fuel is burned in suspension. This is also 
the case with forced draft equipment in which the fuel-bed resistance is 
overcome by the fan or equivalent. In certain types of oil, gas, or 
powdered-fuel furnaces, all or a part of the air for combustion is pre- 
heated before it enters the combustion zone. The resistance of the pre- 
heating passages to the flow of air may be designated as Da and should 
take the place of Dg in general equation (70). Specific data for any type 
of furnace equipment may be had from the manufacturers. 

Db, the loss of draft through the boiler and setting, varies within wide 
limits, depending upon the type and size of boiler, arrangement of tubes 
and baflles, design of setting, type of grate, nature of the fuel, air excess, 
and rate of driving, and ranges from less than 0.1 in. to 1.0 in. and over. 
The data given in Table 30 and Fig. 63 may be used as a guide in approxi- 
mating the extent of pressure drops for different types of boilers and set- 
tings. The values in the table apply to hand-fired grates having an air 
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TABLE 41 

limiUENCB OF SOLID CONSnTUENTS ON THE RESISTANCE THROUGH FUEL BED AND 

GRATE 

(Worker and Peeblee) 

Natural4raft Stokers 


Presflure Drop Through Fuel Bed and Grate 
In. of Water 


Rate of Combustion 

Lb. per Sq. Ft. * Solid Constituents, Fixed Carbon. Plus Ash. 

Q. S. per Hr. Per Cent 



40 

50 

60 

70 

80 

10 

0.02 

0.03 

0 05 

0 07 


15 

0.07 

0.09 

0 10 

0.13 

0.17 

20 

0.11 

0.13 

0.16 

0.20 


. 25 

0.16 

0.21 

0.23 

0.29 


30 

0.22 

0.27 

0.31 

0.38 

0.46 

35 

0.30 

0.36 

0.41 

0.49 


40 

0 37 

0.43 

0.50 

0.60 


45 

0.45 

0.52 ' 

0.61 

0.72 


50 

0.52 

0.60 

0.71 

0.83 

WM 


Underfeed Stokers 


Wind-box Pressure, In. of Water 


Rate of Combustion 
Lb. per Sq. Ft. 

G. S. per Hr. 


Solid Constituents, Fixed Carbon, Plus Ash, 
Per Cent 



40 

50 

60 

70 

80 

20 

0,6 

0.7 

0.8 


1.3 

25 


1.0 

1.2 

1.4 

1.7 

30 

1.1 

1.4 

1.6 

1.8 

2.1 

35 

1.4 

1 7 

2 0 

2.3 

2.5 

40 

1.7 

2.0 

2 3 

2.7 

3.0 

45 

2.0 

2.3 

2.7 

3.1 

3.5 

50 

2.3 

2.7 

3.2 

3.6 

4.1 

55 

2.6 

3.1 

3.6 

4.1 

4.6 

60 

3.0 

3.5 

4.1 

4.7 

5.9 

65 

3 4 

4.0 

4.6 

5.2 

6.0 

70 

3.9 

4.5 

5.2 

6.0 

6.7 


space of 45 to 55 per cent and rates of combustion ranging from 20 to 30 
lb. of Illinois coal per sq. ft. of grate surface. They also apply to mechani- 
cal stokers of the natural-draft type, burning 20 to 40 lb. of coal per sq. 
ft. of grate surface, with the capacities in either case ranging from rating 
to 50 per cent overload. The relative pressure drop increases with the 
load, h\xt there appears to be no dose relationship between these two 
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factors for different boiler equipments. Specific figures may be obtained 
from boiler manufacturers. 

D„ the draft required to accelerate the gases, varies in accordance 
with the law 

h = (Vi* - y,*) -5- 2g (72) 

in which 

h head in ft. of gas producing the velocity, 
y* = velocity through the damper opening, ft. per sec., 
yi = mean stack velocity, ft. per sec., 
g = acceleration of gravity = 32.2 (approx.). 

Assuming a gas density of 0.085 lb. per cu. ft. at 32 deg. fahr. and 14.7 
lb. per sq. in. pressure, and reducing head in ft. of gas to pressure in in. of 
water, equations (69) and (72) give 

D, = (73) 

in which 

P, = observed barometric pressure, lb. per sq. in., 

P = one standard atmospWe = 14.7 lb. per sq. in., 

Te = abs. temperature of the chimney gases, deg. fahr. 

The pressure drop necessary to accelerate the gases in their passage 
through the boiler up to the damper is included in the values assigned for 
Df and D» and hence need not be considered. The draft required to ac- 
celerate the gases from the velocity leaving the boiler to that in the stack 
is ordinarily small and may be neglected, but in case of high velocity 
differences, 10 ft. per sec. or more, it should be included in the total 
pressure drop. 

Di, the loss of draft through the damper, is varied arbitrarily to meet 
the load requirements. The minimmn value of Di corresponding to 
“ wide open damper ” is usually included in the boiler loss Dj. 

The commonly accepted rules for determining the friction loss Z)* 
throuf^ the chimney are all based on Chezy’s formula which may be 
expressed 

D* = KV^H -5- DTc (74) 

in which 

Df » friction loss in in. of water, 

K a* co^cient including the coefficient of friction and the various re- 
duction factors. 
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— 0.008 (This is the algebraic mean of the values assumed by various 
authorities), 

V = velocity of the gases, ft. per sec., 

H = height of stack above the breeching, ft., 

D = diameter of the stack, ft., 

Tf = mean abs. temperature of the cliimney gases. 

A study of equation (74) will show that, all othv-'r conditions remaining 
unchanged, the draft loss due to chimney friction is in direct proportion 
to the height. From equation (69) it will be seen that the static draft is 
also directly proportional to the height. Doubling the height doubles 
both static draft and the friction loss, but the maximum capacity is 
unaltered. 

When the velocity reaches the point where Dc is equal to the static 
draft, the maximum capacity of the chimney is attained. 

The values in Table 42 are based on equation (74). 

Considering weight of the gases instead of velocity, equation (74) reduces 
to the form 

D, = k W^H T, 4- (76) 

in which fc is a coefficient, including the coefficient of friction and the 
various reduction constants. 

= 1.9 for the constant K = 0.008 in equation (74). C. R. Weymouth, 
Transactions A.S.M.E., Vol. 34, 1912, p. 652, gives k a value of 2.3. 

W = weight of chimney gases, lb. per sec., 

d = diameter of the stack, in. 

Other notations as in equation (74). 

It can be shown^ that the capacity of the chimney, expressed in weight 
of gases moved while providing practical draft at the base, is greatest at 
a little over ^00 deg. fahr., and that the capacity falls off when this tem- 
perature is exceeded. 

D/, the draft resistance of the flue, or breeching, varies with the size, 
shape, and construction of the conduit, and may be calculated by means 
of either equation (74) or (75). In applying these equations to flue cal- 
culations, substitute the length of flue for 11 and the diameter or equiva- 
lent for d. The coefficients K and k for the resistance of the flue are or- 
dinarily taken as 20 per cent higher than that for the chimneys. The 
resistance of square flues is approximately 12 per cent, and that of rect- 
angular flues (ratio 1 1/2 to 1) 15 per cent greater than that of round 
flues of the same area. A common rule is to allow 0.1 in. of water pressure 
drop per 100 linear feet of flue. See also equations 123--4. 

^ Chimney Sizes, Alfred Cotton, Trans. A.S.M.E., Vol. 45, 1923. 
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TABLE 42 

DBAVT LOSS FES 100 FT. OF A BRICK-LINED CHIMNEY 
Barometer 20.02 In. of Mercury 
Mean Temperature of Gases 540 Deg. Fahr. 


Ft . 

10 

15 

20 

25 

30 

35 

40 

45 

50 

4 

0.020 

0.045 

0.080 

0.135 


0.245 

0.320 

0.405 

0.500 

5 

0.016 

0.036 

0 064 


0.144 

0 196 

0 246 

0 324 

0.400 

6 

0.013 

0.030 

0.053 


m 

0 166 

0 220 

0.270 

0 333 

7 

0.011 

0.026 

0.046 

0.077 

* Wm 

0.140 

0.182 

0.232 

0.286 

8 

0.010 

0.022 

0 040 

0.067 

1 ^ 

0.122 

0.160 

0.202 

0.250 

9 


mKm 

0 036 

OlOI 

r * ^ 

0.109 

0.142 

0 180 

0.220 



0.018 

0 032 

0.054 


0.098 

0.128 

0 162 

0.200 

n 


0.016 

0 029 

0 049 

0 065 

0 089 

0.116 

0.147 


12 


0.014 

0.027 

0 045 


0.082 

0.107 

0 135 

0.167 

13 


0.014 

0.026 

0 041 

0 a 58 

0 078 

0.104 

0.131 

0.162 

14 


0.013 

0.023 

0.038 


lIMOill 


0.120 

0.143 

15 


0 012 

0.021 

0.036 


0.065 


0 108 

0.133 

16 


0.011 

mmm 

0 034 

KMifiW 

0 061 


0.101 

0.125 

17 



0 019 

0 032 

0 042 

0 057 



0.118 

18 



0.018 



0 054 

0 071 


0 111 

19 



0 017 

0.028 

0.038 

0.051 

0.067 


0 105 

26 



0.016 

0.027 


0.049 

0 064 




For any height or length H in feet, multiply by 0.01 H. 

For any other pressure, multiply by P/29.92 where P is in in. of mercury. 

For any other temperature ty multiply by 0.001 {t -f 460). 

Dfj the pressure drop due to right turns, is frequently taken as equiva- 
lent to 0.4 the velocity head, and may be calculated from equation (73) 
by making V 2 = 0, and substituting 0.05 for the constant. Some en- 
gineers assume that the resistance of a turn is equivalent to that of 50 ft. 
of breeching, and others assume it to be equivalent to the drop in a flue 
ten diameters long. A rule of thumb is to allow 0.05 in. of water per 
turn. The discrepancy in results from applying these rules to an assumed 
set of conditions is decidedly marked. Preference is given to the first 
rule. 

An examination of equations (74) and (75) will show that the friction 
draft loss of the chimney cannot be calculated directly unless the height 
and diameter are known. Since these are the quantities to be determined, 
it is evident that the problem lends itself only to a “ cut and try analysis, 
provided the equations are to be satisfied. IJ the various 'pressure drops 
influendug the height of the stack could be calculated or estimated with any 
degree of accuracy, there would be some reason for exact analysis, but the 
arbitrary values assigned in practice vary so widely that such analyses are 
ordinarily without purpose. Furthermore, the friction loss through the 
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chimney is only a comparatively small percentage of the total loss (except 
for high velocities); hence a careful calculation of the chimney friction, 
along with guesswork in estimating the other losses is highly inconsistent. 
Scattering tests made on a number of tall chimneys in successful operation 
show that the effective pressure at maximum rating is hot far from 80 
per cent of the theoretical maximum static pressure. (This factor allows 
for the drop in temperature of the chimney gases and for the drop in pres- 
sure due to friction.) Assuming this to hold true for chimneys in general, 
the problem of determining the height becomes a comparatively simple 
one. In view of the uncertainty of many of the influencing factors, results 
based upon this assumption are perhaps fully as reliable as those calculated 
from the various formulas, at least for the average plant. 

A well-designed central chimney, serving several boilers and subject to 
considerable load variation, should have comparatively low stack and 
breeching friction in order to insure draft regulation.^’ While a certain 
draft margin is necessary, it should be the aim to provide a chimney with 
the least possible excess draft over the necessary maximum, future require- 
ments, of course, being considered. For very high stacks, such as are re- 
quired in tall office buildings, the diameter is made very small so that a 
considerable portion of the pressure drop will occur in the stack and breech- 
ing; otherwise the draft will be excessive even with throttled damper. 

The Significance of Drafts in Steam Boiler Practice: U. S. Bureau of Mines, Bui. 
No. 21, 1911. 

Draft and Capacity of Chimneys: Combustion, Mar., 1924, p. 186; May, 1924, p. 354. 

131. Chimney Proportions. — A study of equations (69) to (76) will 
show that any required effective draft may be obtained from various 
combinations of heights and diameters. Evidently, there must be a cer- 
tain height and diameter which will produce the cheapest structure. In 
practice this particular combination cannot be predetermined with any 
degree of accuracy because of the uncertainty of the various factors enter- 
ing into the problem of calculating the height and diameters. For an as- 
sumed set of conditions, the logical procedure is to calculate a trial area 
for an arbitrary velocity, and then to proportion the height so that the 
maximum weight of gases generated may be discharged against the as- 
sumed frictional resistances. By cut and try ” a number of combina- 
tions of heights and diameters may be calculated which will give the re- 
quired effective draft. The costs of the various structures may then be 
estimated and a selection made. 

For small stacks, this degree of refinement is seldom attempted, and the 
usual procedure is to calculate a height compatible with the assumed 
pressure losses (subject, of course, to community laws), and proportion 
the area by rules which are more or less empirical. 
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Example 24. — Proportion a brick-lined stack for water-tube boilers 
(14 high, vertical three-pass standard baffling) rated at 6000 hp., equipped 
with natural-draft chain grates and burning Illinois coal; boilers rated at 
10 sq. ft. of heating surface per hp.; ratio of heating surface to grate 
surface, 40 to 1; flue 100 ft. long with two right-angle bends; stack to be 
able to carry 200 per cent of boiler rating; atmospheric temperature 60 
deg. fahr.; sea level; calorific value of the coal 11,200 B.t.u. per lb.; 
steam pressure 250 lb. gage. 

Solution. — A modern plant of this type and size should be able to 
maintain a combined boiler, furnace, and grate efficiency of approximately 
70 per cent at 200 per cent rating. 

Maximum b.hp. 6000 X 2 = 12,000. 

Heat equivalent of 1 b.hp-hr. = 34.5 X 970.4 = 33,479 B.t.u. 

Coal per b.hp-hr. = 33,479 4- (11,200 X 0.70) = 4.3 lb. approx. 

Total grate surface = (6000 X 10) 4- 40 = 1500 sq. ft. 

Total coal burned per hr. = 4.3 X 12,000 = 51,600 lb. 

Maximum rate of combustion = 51,600/1500 = 34.5 lb. per sq. ft. grate 
surface per hr. 

For 70 per cent combined efficiency, the air excess with a natural-draft 
chain grate and Illinois coal mw range from 50 to 75 per cent. To take 
care of possible reduction in efficiency, leakage, and other adverse influ- 
ences, assume a total air excess of 100 per cent. 

Theoretical air per 10,000 B.t.u. is approximately 7.5 lb. (see Table 12). 

Theoretical air per lb. of coal = (7.5 X 11,200) 4- 10,000 = 8.4 lb. 

Actual air per lb. of coal = 8.4 X 2 = 16.8 lb. 

Probable weight of flue gas per lb. of coal = 17.5 lb. 

If the ultimate analysis of the coal is known, the weight of the products 
of combustion may be calculated as shown in paragraph (44). 

Weight of the flue gas = (17.5 X 51,600) 4- 3600 = 250 lb. per sec. 

Total volume of flue gas = 250/0.044 = 5680 cu. ft. per sec. 

The density 0.044 is based on the assumption that the mean temperature 
of the chimney gases at 200 per cent boiler load is 0.90 of that at the breech- 
ing. The temperature of the flue gas leaving the boiler is taken as 518 
deg. fahr. See curve B, Figure 65. 

Assume 25 ft. per sec. as a trial velocity of the chimney gases, then: 

Area of stack = 5680 4 - 25 = 227 sq. ft. 

Corresponding diameter, 17 ft. 

The various pressure drops at 200 per cent rating may be tabulated as 


follows: 

Dg drop through fuel bed and grate, Fig. 60 0.53 in. 

Db drop through boiler and damper (assumed) 0.80 in. 

D/drop through flue (calculated from equation (74)), assuming re- 
sistance of flue as that of an equivalent height of stack 0.03 

Df drop caused by change in direction due to right angle bends (cal- 
culated from equation (73)), assuming each turn to have a resist- 
ance equivalent to 40 per cent of the velocity head 0.03 

A acceleration of gases, assuming velocity leaving boiler to be 25 ft. 
per sec. (equation (73)) 0.00 

IH total draft required 1.39 
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D theoretical maximum draft per 100 ft. of stack, assuming mean 
temperature of chimney gases to be 0.90 of that of the flue gases 


leaving the boiler, equation (69) 0.64 

Dc friction drop in stack per 100 ft. of height, equation (74) 0.03 

De effective draft per 100 ft. of stack, Dc 0.61 

H height of stack in ft. above breeching De) X 100 228 


Various combinations of heights and diameters may be calculated in a 
similar manner by assuming other velocities; thus, for the preceding 
example: 


Velocity, ft. per sec 

Diameter, ft 

20 

19 

25 

17 

30 

15.5 

35 

14.4 

40 

13.5 



Pressure Drops 

# 

Dg fuel bed 

0 53 

0 53 

0.53 

0 53 

0 53 

Dh boiler .' 

0.80 

0.80 

0.80 

0.80 

0.80 

/)/ breeching • 

0 02 

0 03 

0 05 

0.07 

0.10 

Df right-angle bends 

0 02 

0 03 

0 05 

0 07 

0.09 

Dt acceleration of gases 

0.00 

0 00 

0 04 

0.08 

0.13 

Dt Total 

1 37 

\ 39 

1.47 

1.55 

1.65 

D draft pressure, 100 ft. of stack 

0 64 

0.64 

0.64 

0.64 

0.64 

Dc friction per 100 ft. of stack 

0 02 

0 03 

0 05 

0.07 

0.09 

Det Effective draft 

0.62 

0.61 

0.59 

1 

0.57 

0.55 

Height, ft. {Dt -r De) X 100 

^ 220 

228 

‘ 250 

272 

300 


Any of these stacks will produce the required draft under the assumed 
conditions, but, other things permitting, the cheapest combination is the 
one to be selected. 

It will be noted that numerous assumptions have been made in the 
foregoing analysis. Consequently, the reliability of the results depends 
entirely upon the accuracy of these assumptions. The factors which 
enter into the problem of chimney draft and capacity are so numerous, 
their relations so obscure, and values so difficult of numerical determina- 
tion, that of necessity aU chimney equations aie more or less empirical; 
that is, they are simply practice expressed in algebraic form. 

For small plants equipped with horizontal return-tubular boilers, the 
stack proportions in Table 43 are recommended by the Chicago Smoke 
Department. 

For plants of 800 hp. or more, the height of stack for coal burning under 
natural draft should never be less than 150 ft., regardless of the kind of 
coal used. Natural draft greater than 1.5 in. of water is seldom necessary, 
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and higher intensities can be obtained more economically by forced or 


induced draft. This limits the height of the chimney to about 225 to 
250 ft. 


TABLE 43 

SIZE OF CHIMNEYS FOR RETURN-TUBULAR BOILERS 


Boiler 


Number of Boilers per Stack 


No. and Size 
of Tubes 

Sue 

One 

Two 

Three 

Four 

48X 14 

21i X 90 

30 X 100 

37 X 110 

42i X 120 

34 - Si" 

64X 16 

24i X 95 

34i X 105 

421 X 115 

49 X 125 

34 - V 

60 X 16 

28 X 100 

39 X 110 

48 X 120 

55i X 130 

4Q-V 

66 X 18 

31 X 110 

43J X 120 

53i X 130 

61 J X 140 

54-4^ 

72 X 18 

35 X 120 

49i X 130 

60^ X 140 

70 X 150 

70 - 4'^ 

78 X 20 

84 X 20 

39i X 130 

45 X 140 

56 X 140 

61 X 150 

68 X 150 

78^ X 160 

84 - V 


In proportioning the area of the stack on a gas basis, the data in Tables 
44 and 45 may be used as a guide. By plotting the data compiled from a 
number of modern chimneys over 125 ft. in height, the relation between 
actual velocity at maximum load and diameter appeared to be approxi- 
mately as follows: 

V = (0.2 + 0.005D) 7', (76) 

in which 

V = actual maximum velocity of the chimney gases, ft. per sec., 

D = diameter of the chimney, ft., 

F' = theoretical velocity, ft. per sec. 

The theoretical velocity of the gases in the chimney is that developed if 
the entire static pressure difference is available for producing motion. It 
may be expressed 

V' = = 8.03 Vh {da - dc) - dc (77) 

in which 

h - head of a column of chimney gas, in ft., which would produce the 
theoretical pressure difference. Other notations as in equations 
(66) and (76). 

For a chimney 175 ft. high; = 60; U = 440; 

V' = 8.03 [175 (0.76 - 0.044) -5- 0.044]* 

= 90.3 ft. per sec. 
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Chimney Sizes, Alfred Cotton, Mech. Engrg., Sept., 1923, p. 631. 

Economical Design of Chimneys: J. G. Mingle, Power PL Engrg., Apr. 1, 1927, p. 399. 

Proportioning of Chimneys on a Gas Basis, A. L. Menzin, Trans. A.S.M.E., Vol. 37, 
1915, p. 1065; T. S. Clark, Power, July 29, 1924, p. 175. 

132. Empirical Chimney Equations. — Numerous empirical formulas 
for proportioning chimneys are to be found in engineering handbooks and 
trade literature. They give satisfactory results within the limits of the 
assumption upon which they are based, but otherwise may lead to absurd 
results, their applicability depending largely upon the available data 
covering the various losses with the particular kind, quality, and con- 
dition of coal, and conditions of operation. Occasionally, practical and 
local considerations fix the height of the stack irrespective of theoretical 
deductions. 


TABLE 44 


WEIGHT OF GASES FOR DIFFERENT PERCENTAGES OP CO 2 WHEN CO = 0 

(A. L. Menzin) 


Per cent CO 2 in the dry gases, 
by volume 

18.7 

18.0 

17.0 

16.0 

15.0 

14.0 

13.0 

12.0 

Excess air in per cent of the 
theoretical minimum 

0 

4.0 

10.0 

17.0 

24.0 

33.0 

43.0 

54.0 

Weight of gases per 10,000 
B.t.u 

7.8 

8.1 

8.6 

9.1 

9.6 

10.3 

11.0 

11.9 

Per cent of CO 2 in the dry 
gases, by volume 


11.0 

10.0 

9.0 

8.0 

7.0 

6.0 

5.0 

Excess air in per cent of the 
theoretical minimum 


68.0 

85 0 

105 0 

130.0 

162.0 

206.0 

267.0 

Weight of gases per 10,000 
B.t.u. in the coal 


12.9 

14.2 

15.7 

17.6 

20.0 

23.3 

27.8 


TABLE 45 

AVERAGE VELOCITY OF CHIMNEY GASES 


Volume of chimney gases discharged, 
cu. ft. per sec 

10 

100 

500 2500 

5000 

8000 

12,000 

Average velocity at maximum load, 
ft. per sec 

10 

15 

20 25 

30 

35 

40 


These values are based upon data compiled from 200 modern chimney installations 
of various heights and diameters. There aj^peared to be no definite relationship 
between volume and velocity, and the values in the table represent gross averages 
only. 

Kent’s equation is one of the most popular rules for proportioning stacks 
for power purposes. It is based on the assumptions that: 

1. The velocity of the gases varies as the square root of the height. 
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2. The retardation of the ascending gases by friction may be considered 
due to a diminution of the area of the chimney or to the lining of the 
chimney by a layer of gas which has no velocity, and the thickness of which 
is assiuned to be 2 in. 

Thus, for square chimneys, 

^ = Z)2~8Z)-M2*il - 0.67\/I (78) 

and for round chimneys, 

^ = TT (D* - 8Z) -M2) ^ 4 = 4 - 0.591 VI (79) 

For simplifying calculations, the coefficient of VI may be taken as 0.6 
for both square and round chimneys, and the equation becomes 

F = A - 0.6 VI (80) 

3. The hp. capacity varies as the effective area E. 

4. A chimney should be so proportioned as to be capable of giving 
sufficient draft to pennit the boiler to develop much more than its rated 
power in case of emergencies, or to permit the combustion of 5 lb. of fuel 
per rated hp. per hr. 

5. Since the power of the chimney varies directly as the effective area 
E and as the square root of the height H, the equation for hp. for a given 
size of chimney will take the form 

Hp. = CE VW, (81) 

in which C is a constant, found by William Kent to be 3.33, obtained by 
plotting the results from numerous examples in practice. 

The equation then assumes the form 

Hp. = 3.33 E V~H, _ _ (82) 

or Hp. = 3.33 (A - 0.6 VA) Vh (83) 

from which 

H = (0.3 Hp. F)* (84) 

The values in Table 46 are based on Kent’s equation. 

The values in Table 47 are taken from curves plotted by Alfred S. 
Cotton and give the relative working capacities of chimneys from 5 to 25 
ft. in diameter. See Mech. Engrg., Sept. 1923, p. 531. The curves are 
drawn for a working capacity of 30 per cent of the maximum capacity at 
600 deg. fahr. and are based on 90 lb. gas per b.hp. for natural draft, 60 
lb. for forced draft and 45 lb. for oil burning. 
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TABLE 46 

SIZB OF CEnHNEYS FOR STEAM BOlIaCRB 
Kent’s Formula 


Diam. 

In. 

Area 

Sq. Ft. 

Height of Chimney, Ft. 

50 

76 

100 

125 

150 

176 

200 

225 

260 

300 

Commercial Hp. of Boiler* 

18 

1.77 

23 

28 









21 

2.41 

35 

42 









24 

3.14 

49 

60 









27 

3.98 

65 

81 









, 30 

4.91 

84 

103 

119 








33 

5.94 


130 

149 








36 

7.07 


157 

182 

204 







39 

8.30 


190 

219 

245 







42 

9.62 


224 

258 

289 

316 






48 

12.57 



348 

389 

426 






54 

15.90 



449 

503 

551 

595 





60 

19.64 



565 

632 

692 

748 





66 

23.76 



694 

776 

849 

918 

981 




72 

28.27 



835 

934 

1023 

1105 

1181 

1253 



78 

33.18 




1107 

1212 

1310 

1400 

1485 

1565 


84 

38.48 




1294 

1418 

1531 

1637 

1736 

1839 

2005 

90 

44.18 




1496 

1639 

1770 

1893 

2008 

2116 

2318 

96 

50 27 




1712 

1876 

2027 

2167 

2298 

2423 

2654 

102 

66.75 




1941 

2130 

2300 

2459 

2609 

2750 

3012 

108 

63.62 




2090 

2399 

2592 

2771 

2939 

3098 

3393 

114 

70.88 





2685 

2900 

3100 

3288 

3466 

3797 

120 

78.54 





2986 

3226 

3448 

3657 

3855 

4223 

132 

95.03 





3637 

3929 

4200 

4455 

4696 

5144 

144 

113.10 





4352 

4701 

5026 

5331 

5618 

6155 


* Based on a consumption of 5 lb. of fuel per b. hp. For any other rate* multiply the tabular figure by the 
ratio of 6 to the magimum eapeoted coal consumption per hp. per hr. 
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TABLE 47 

BELATIVB WORKINO CAPACFTT OF CHIMNEYS, BOILER HORSEPOWER 

(Sea Level and 60 Deg. Fahr.) 

(Alfred S. Cotton) 



Coal 



Coal 


Diameter, Ft. 



Oil 

Diameter, Ft. 





Natural 

Draft 

Stoker 



Natural 

Draft 

Stoker 

ou 

5 

600 

1,000 

1,300 

15 

9,500 



6 

1000 

1,500 

2,000 

16 

11,000 



7 

1500 

2,100 

2,800 

17 

12,600 



8 

2000 

2,900 

3,900 

18 

15,000 



9 

2600 

4,000 

5,300 

19 





3400 

5,100 

6,900 

20 




11 

4400 

6,500 

8,700 i 

21 


32,500 


12 

5400 

8,100 

10,800 

22 




13 

6600 

9,800 

13,200 

23 

27,500 



14 

8000 

12,000 

16,000 

24 


mil 



Working capacity == 28.5 per cent of maximum capacity at 600 deg. fahr. Weight 
of gases = 90 lb. per hr. for natural draft; 60 lb. per hr. for forced-draft coal, and 
45 lb. per hr. for oil, per b.hp. 

133. Stacks for Powdered, Liquid, and Gaseous Fuels. — In designing 
stacks for powdered fuel, oil fuel, or gas firing, the procedure is the same as 
for coal burning; that is, the height is made sufficiently great to maintain 
the required draft in the furnace at maximum overload, and the area is 
proportioned to take care of the maximum volume of gases generated. 
Excessive draft greatly influences the economy of steam-burner oil-fired 
furnaces, whereas, with bulk-coal firing, there is rarely danger of too much 
draft. Consequently, greater care must be exercised in estimating the 
various draft losses through the boiler and breeching. With oil, gas, and 
powdered fuel, there is no fuel bed, hence no draft loss on this account, 
and, because of the smaller air excess required for complete combustion, 
the pressure loss through the boiler will be less. Furthermore, the action 
of the burner itself acts to a certain degree as a forced draft. Therefore, 
both the height and area of the stack for a given, capacity of boiler may 
be less for oil and powdered-coal firing than for bulk-coal firing. Tall 
chimneys are frequently used in connection with powdered-fuel burning 
plants, not primarily because of the draft requirements but in order to 
distribute the flocculent ash at a high elevation. For example, the 
chimneys at the Cahokia plant are 325 ft. above the burner arches. There 
are no feedwater economizers in this plant. Table 48, calculated by C. R. 
Weymouth (Trans. A.S.M.E., Vol. M, 1912), may be used as a guide in 
proportioning stacks for oil fuel. 
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TABLE 48 

STACK SIZES FOB OH. FUEL 
(C. R. Weymouth) 


_Stack 


Height in Ft. Above Boiler-room Floor 



In. 

80 

90 

100 

120 

140 

160 

33 

161 

206 

233 

270 

306 

3J5 

36 

208 

253 

295 

331 

363 

387 

39 

251 

303 

343 

399 

488 

467 

42 

295 

359 

403 

474 

521 

557 

48 

399 

486 

551 

645 

713 

760 

54 

519 

634 

720 

847 

933 

1000 

60 

657 

80a 

913 

1073 

1193 

1280 

66 

813 

993 

1133 

1333 

1480 

1593 

. 72 1 

980 

1206 

1373 

1620 

1807 

1940 

84 

1373 

1587 

1933 

2293 

2560 

2767 

96 

1833 

22Q0 

2587 

3087 

3453 

3740 

108 

2367 

2920 

3347 

4000 

4483 

4867 

120 

3060 

3660 

4207 

5040 

5660 

6160 


Figures represent nominal rated hp.; sizes as given are good for 50 per cent over- 
loads. Based on centrally located stacks, short direct flues and ordinary operating 
efficiencies. 


With forced-draft stokers, the resistance of the fuel bed does not enter 
into the calculation for height; otherwise, the procedure in design is the 
same as for natural-draft coal burning. The values in Table 47 give the 
relative working capacity of chimneys for bulk-coal (natural-draft and 
stoker-fired) and for fuel oil. 

134. Classification of Chimneys. — Chimneys may be grouped into 
three classes according to the material of construction: 

1. Masonry. 

2. Steel. 

3. Reinforced Concrete. 

The majority of chimneys for power plant service are of common masonry 
construction, because the materials involved are widely distributed and 
skilled masons are to be found in almost every community. For very 
large sizes, special designs of radial brick or tile are preferred to common 
brick. 

Steel chimneys have many advantages and are finding much favor in 
large power plants, especially where economy of space warrants the 
erection of the stack over the boiler, in which case the structural work of 
the boiler setting answers for both boiler and chimney. Among the ad- 
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vantages over the masonry construction are: (1) ease and rapidity of 
construction; (2) less weight for a given internal diameter and height; 
(3) less surface exposed to the wind; (4) lower cost; (5) smaller space re- 
quired; (6) slightly higher efficiency if properly calked, for there can be 
no infiltration of cold air as there may be through the cracks in masonry. 
The chief disadvantage is the cost of keeping the stack well painted to 
prevent rust, and the corrosive action of the sulphur in the coal. 

Reinforced concrete chimneys have many advantages over either the 
brick or steel constructions, provided they are erected by workmen skilled 
in the art of concrete mixing and application; but, because of the failure 
of a few large designs, some engineers are not taking to them kindly. 

Steel chimneys may be: 

1. Guyed. 

2. Self-sustained. 

135. Guyed Chimneys. — Guyed sheet-iron or steel chimneys, or stacks 
held in position by guy wires, are frequently employed on account of their 
relative cheapness. They seldom exceed 72 in. in diameter and 100 ft. in 
height. A heavy foundation is unnecessary for the smaller sizes, and the 
stack may be supported by the boiler breeching. The small, short stacks 
are ordinarily riveted in the shop, ready for erection, larger sizes being 
shipped in sections and riveted at the place of installation. In addition 
to a liberal allowance for corrosion, the material is made heavy enough to 
support its own weight and to prevent buckling under initial tension of 
the guy wires and the stress due to wind action. The thickness of shell 
is ordinarily based on arbitrary rules of practice, and no attempt is made 
to calculate this value by stress analysis. Table 49 gives the thickness of 
material as advocated by a number of manufacturers. 

TABLE 49 


APPROXIMATE DIMENSIONS OF GUYED SHEET-STEEL CHIMNEYS 


Height, Ft. 

Diameter, In. 

Thickness of Shell 
B.W.G. 

Approximate Weight 
per Ft., Lb. 

40 

18 

16 

13 

45 

20 

16 

14 

46 

22 

14, 16 

20, 15 

60 

24 

14, 16 

22, 16 

50 

26 

14 

23.6 

55 

28 

14 

25 

60 

30 

12, 14 

34, 27 

65 

32 

12, 14 

36, 28 

70 

34 

10, 12 

48, 39 

76 

36 

10, 12 

61, 41 











CHIMNEYS 


317 


Guy wires are furnished in one to three sets of three to six strands each, 
arranged radially opposite each other, and are attached to angle or tee iron 
bands at suitable points in the height of the stack. The lower ends of the 
guys are ordinarily anchored at an angle of 45 deg. with the vertical. A 
rational analysis of the proper size of guy wires for a specified maximum 
wind pressure is impracticable because of the number of unknown variables 
entering into the problem, such as initial tension and stretch of the wires 
and flexure of the shaft. A common rule is to assume the entire over- 
turning load to be resisted by one strand in each sot of guys; thus, if there 
are two sets of guys the entire load is assumed to fall on two wires. An 
additional stress of one-half the overturning load is allowed for initial 
tension. A lattice bracing is frequently used between stacks when a 
number of stacks are placed in a continuous row. 

136. Self-sustaining Steel Chlmnej^s. — Steel chimneys over 72 in. in 
diameter are usually self-supporting. They may be built with or without 
a brick lining, but the lining is preferred, since it prevents radiation and 
protects the inside from the corrosive action of the flue gases. Since the 
independent lining plays no part in the strength of the chimney, it is 
made only thick enough to support its own weight. In the older designs, 
the lining is of low-grade fire brick or carefully burned common brick. In 
these designs the fire brick extends 20 or 30 ft. above the breeching, the 
remainder of the lining being of common brick. In chimneys up to 80 
in. internal diameter, the upper course is 4 1/2 in. thick and increases 
4 1/2 in. in thickness for each 30 to 40 ft. to the bottom. In larger chim- 
neys, about 8 in. is the minimum thickness. The lining is generally set 
in contact with the shell and thoroughly grouted, otherwise depreciation 
will be very great. 

In nearly all recent designs, horizontal rings or shelves of 3 by 4 by 
5/16-in. angle iron are riveted to the shell at about 15 ft. centers for sup- 
porting the lining. In some designs, vertical stiffeners, which support 
the horizontal rings, are riveted to the shell. The vertical stiffeners are 
spaced about 5 ft. apart and the horizontal rings about 20 ft. apart. By 
either of these methods, any section of the lining may be replaced without 
disturbing the rest. The lining, usually of vitrified asbestos, is of uni- 
form thickness throughout the length of the shaft and seldom exceeds 
4 1/2 in. in thickness. 

Self-sustaining stacks are usually cylindrical, though a few designs are 
tapered; they are generally made with a flared or conical base, the diameter 
of which is approximately 1 1/2 times the diameter of the stack. The base 
is bolted to a concrete foundation of sufficient mass to insure stability. 
In the large, modem station, the stack is frequently carried on a steel 
structure over the boilers, thereby reducing ground space requirements. 
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Such a design is illustrated in Fig. 175. Every self-sustaining stack should 
have a ladder, and it is desirable to install a trolley rail for painting pur- 
poses. Lightning protection is unnecessary for steel stacks superposed 
on the structural steel of the building, and ordinarily so for those resting 
on masonry foundations. In some cases, the base ring for stacks with 
masonry foundations is connected to a ground plate buried in permanently 
moist soil. 

Figure 198 gives the details of the 140-ft. steel chimney at the power 
house of the Goldsmith Bros. Smelting & Refining Co., Chicago, 111., 
as designed and installed by the Lasker Iron Works, Chicago. 

137. Wind Pressure. ■ — Sufficient data are not available to show con- 
clusively the relation between wind velocity and the resulting effective 
pressure on surfaces of different shapes. Practically all authentic tests 
have been conducted on small flat surfaces, and there is evidence for the 
belief that the unit pressure exerted on large surfaces is somewhat less 
than that obtained from the former. Experiments conducted by different 
authorities show that the pressure per sq. ft. of flat surface bears the follow- 
ing relationship to the wind pressure: 

P = XF2, ' (85) 

in which 

K = coefficient determined by experiment, 

P = wind pressure, lb. per sq. ft., 

V = wind velocity, miles per hr. 

The value of K, as determined by the different investigators, varies 
from 0.0029 to 0.005. The value most commonly used in chimney con- 
struction is X = 0.004. This corresponds to a pressure of 50 lb. per sq. 
ft. of flat surface for a wind velocity of 125 miles per hr., the highest al- 
lowed for in chimney design. Considering the unit pressure on a flat 
surface as 1, according to the constants in general use, the effective pres- 
sure for the projected area is 0.80 for hexagonal, 0.71 for octagonal, and 
0.67 for round columns. Experiments show that the wind pressure in- 
creases from the base upward toward the top of the shaft. Christie^ 
quotes the following mles as satisfactory for purposes of design: 

p = + 0.0373 H (86) 

Pa = Pa + 0.0466 P' (87) 

in which 

P = average wind pressure throughout the shaft, lb. per sq. ft., 

Pa = pressure at the base of the shaft, lb. per sq. ft., 

^ Power f March 20, 1923, p. 438 
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Pa = actual pressure at any given height H\ lb. per sq. ft., 

H = height of the shaft, ft. 

European designers consider this variation in pressure and allow a value 
20.5 to 31 for but in the United States it is customary to use a single 
value corresponding to the estimated average velocity throughout the 
stack. This value ranges from 25 to 30 lb. per sq. ft. of projected area 
for round stacks. The average pressure allowable is specified by build- 
ing ordinances in most large cities. 

Wind Pressure in Chimney Design: W. Christie, Power, Mar. 20, 1923, p. 438. 

138. Thlckpess of Plates for Self-sustaining Steel Stacks. — If there 
is no wind blowing, the only stress to be considered in the shell at any 
section is that due to the weight of the material itself, thus: 

= ( 88 ) 


in which 

\ 

Si = stress (compression) due to the weight of the material, lb. per sq, 
in. If the shaft is in perfect alignment, this stress is uniformly 
distributed over the entire cross section under consideration. 

W = weight of the shaft above the section under consideration, lb. If 
the lining is independent of the steel structure, then the weight 
of the latter only is to be considered; but if the lining is sup- 
ported by ledges secured to the shaft, then the weight of the 
lining must be added to that of the steel. 
di = external diameter of the tube, in., 
cfe = internal diameter of the tube, in. 

When the wind is blowing, there is an additional stress due to bending. 
This is a tension on the windward side and a compression on the leeward 
side, thus, 

>82 = PA ^ J/c (89) 


in which 

S 2 = stress in the outer fiber due to wind pressure, lb. per sq. in., 

P = the total wind pressure, lb., 

A = distance from the section under consideration to the center of 
wind pressure, in. For a cylindrical shaft, A = 1/2 height of 
shaft above section. 

1/e « sectional modulus = ir {d// — dj) 32 di. 
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The net streas, S, is therefore 


-S = Si ± S, 



Equation (90) may be written 

„ [W(di^ + di^)^8di]±Ph 
^ ( di*- d,* \ 

32V di ) 


(90) 


( 91 ) 


(di® + dj®) -5- 8 di is commonly called the radius of the statical moment 
(see paragraph 146). Designating this quantity by q, equation (91) re- 
duces to the convenient form 


S^(\Vq± Ph) 4 - I/e (92) 

Because of the liberal factor allowed for the safe working stress, and 
because a tube of large diameter with thin walls will probably fail by 
flattening or buckling on the leeward side and not by t msion of the wind- 
ward side, the influence of the weight of the material is ordinarily neglected 
and the shaft is treated as a cantilever subject to wind pressure only. Wq 
therefore is neglected, and equation (92) becomes 

S = PA 4 - I/e (93) 


Since the thickness of the wall is a small fraction of the diameter, the 
section modulus I/e becomes, approximately. 

I/e = 0.785 di^ 


in which 

t — thickness of the shell in inches. 

Substituting this value in equation (93) 

S = Ph-i- 0.785 diH (94) 

A number of steel-stack builders simplify equation (94) still further by 
making the constant 0.8, thus 

S = PA 4 - 0.8 diH (95) 

Considering the stress, S', per linear in., instead of that per sq. in., 
equation (95) becomes 


5'»PA4-0.8di* 


(96) 
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‘ Example 26« — Determine the thickness of plate at a section 150 ft. 
from the top of a cylindrical steel stack 12 ft. in diameter and 200 ft. 
high. Horizontal seams to be single-riveted. 

Solution. — The total wind pressure on the section is 

P = 150 X 12 X 25* = 45,000 lb. 

The moment arm is 

h = 150/2 X 12 = 900 in. 

8 = 8000 lb. per sq. in. (A common allowance for safe stress is 8000 
lb. per sq. in. for single-riveted and 10,000 for double-riveted joints.) 
Substituting these values in equation (95) 

8000 = 45,000 X 900 0.8* X 

from which 

t = 0.305. 

The nearest commercial size lies between 9/32 and 5/16. 

TABLE 50 


SELF-SUSTAINING STEEL STACKS . 
Lasker Iron Works 
Chicago 


Inside 

Diameter 

Ft. 

Total 

Height 

Ft. 

Approximate 

Weight 

Lb. 

How Made 

6 

160 

43,000 

50 ft. of i in., 50 ft. of A in., 60 ft. of f in. 

8 

150 

57,700 

do 

10 

150 

71,200 

do 

8 

175 

70,000 

50 ft. of i in., 60 ft. of A 50 ft. of | in., 26 ft. of 

A in. 

10 

175 

86,000 

do 

12 

175 

105,000 

do 

10 

200 

98,700 

50 ft. of i in., 60 ft. of A in., 60 ft. of f in., 60 ft. 
of A in. 

12 

200 

121,000 

do 

14 

200 

137,000 

do 

12 

250 

166,800 

50 ft. of i in., 50 ft. of A in., 60 ft. of f in., 60 ft. 
of A in., 50 ft. of J in. 

14 

250 

188,000 

do 

16 

250 

222,000 

do 

18 

250 

242,000 

do 


Base diameter approximately li diameter of stack. 

Cone base arbitrarily set at about 20 ft. 0 in. 

All self-supporting stacks to have ladder. 

Weights do not include lining or lining-supporting angles. 
Eight anchor lugs usually supplied. 


* See paragraph 137. 
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139. Blvetlng. — The diameter of rivets should always be greater than 
the thickness of the plate, but never less than 1/2 in. The pitch should 
be approximately 2 1/2 times the diameter of the rivet, and always less 
than 16 times the thickness of the plate. Single-riveted joints are or- 
dinarily used on all sections except the base, where the joint should be 
double-riveted with rivets staggered, although in very large stacks all 
horizontal seams are double-riveted to give greater stiffness to the shaft. 

140. Stability of Steel Stacks. — For stability, the resisting moment 
Wtq must be greater than the overturning moment Phi (see paragraph 
146) ; that is 

Wtq > Phu^ (97) 

in which 

Wt = total weight of the structure, including that of the foundation, 
and the earth filling over the base, lb., 
q = radius of the statical moment of the foundation base, ft., 
hi = distance from the center of wind pressure to the base, ft.. 

For a square base, the minimum value of (see em’ of paragraph 146) 
is 0.118 L, but it is common practice to use the maximum 

q = L/6 


and the condition for stability is 

WtL/iS > Phi (98) 

Expressed graphically: Lay off GP, Fig. 199, 
equal to the total wind pressure in direction and 
amount, and acting at the center of pressure of the 
shaft; lay off GWj equal to the weight of the 
stack and foundation; find the resultant GR^ and 
produce it to intersect the base line as at R'] if jK' 
falls within the inner third of the base the stack is 
stable, provided, of course, that the chimney is 
properly designed and constructed. Therefore, the 
heavier the combined W(nght of the chimney and 
its foundation, the more stable the structure. 

L in Fig. 199 varies from one-tenth to one-fifteenth 
Hy depending upon the character of the subsoil. 

(See paragraph 152.) 

141. Foundation Bolts for Steel Stacks. — There is no generally ac- 
cepted rule for proportioning foundation bolts for steel stacks. The 

^ Axis of the shaft assumed to be vertical. 



Fig. 199 
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various rules differ principally in the assumed location of the center of 
moments or neutral axis of the bolts, when stressed by the overturning 
moment. In the absence of proof to the contrary, and considering the 
number of unknown factors entering into the problem, the neutral axis 
may be taken as passing through and tangent to the bolt circle, and the 
fiber stresses in the bolts may be assumed to be proportional to their 
distances from the axis. Thus 

Ph-Wq^ SaL, (99) 

in which 

Ph = wind moment at the base ring, in.-lb., 

Wq == statical moment, in.-lb., 

S == maximum fiber stress in the bolts, lb. per sq. in. (To allow for 
initial stress due to tightening up, a low fiber stress of 12,000 lb. 
per sq. in. is commonly assumed.) 

a = area of each bolt at the root of the thread, sq. in. (All bolts 
assumed to be of the same diameter.) 

L = equivalent mean length of the bolt resisting moment, in. 

Referring to Fig. 200, SaL = + 2 + 2 Sad, • (99a) 


in which 

/Si, /S 2 , Sz = stresses in bolts. A, B-B, and C-C, 
respectively, lb., 

by c, d = respective moment arms relative to 
neutral axis XX, in. 

Since the stress in each bolt is assumed to be di- 
Fiq. 200 . rectly proportional to its distance from the neutral 

axis, S 2 = Sic/b and Sz = Sid/b, Substituting 
these values in equation (99a) and noting that Si = Sa, equation (99a) 
reduces to 



L = (6* + 2c* + 2d*) 5 (100) 

The value of L becomes 

Number of bolts 6 8 10 12 16 24 36 

L=5X 2.25 3.00 3.88 4.58 6.00 8.90 12.40 

Example 26. — Calculate the size of bolts necessary for a steel stack 
with conditions as follows: Overturning moment 2,750,000 in-lb., bolt 
circle diameter 82 in., 6 bolts, allowable stress 12,000 lb. per sq. in. 
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Solution. — Here P& - Fg = 2,750,000; S « 12,000; L » 2.25 X 
82 = 184.5. Substituting these values in equation (99) 

2,750,000 = 12,000 X a X 184.5; 
a = 1.24 sq. in. 

Nearest commercial size corresponding to this area, IJ in. diam. 

Brick Chimneys. — By far the greater number of power plant 
chimneys are of brick construction and usually of circular section, though 
octagonal, hexagonal, and square sections arc not uncommon. The round 
chimney requires the least weight for stability, and the others in the order 
mentioned. They are usually constructed of common or radial brick. 
Common bricks were used in nearly all the older constructions and are 
still used in the smaller stacks, but have been almost entirely superseded 
by the radial product in the modem station. 

Brick chimneys are constructed with single shell, Fig. 204, and double 
shell, Fig. 202. 

The double shell is the more common and consists of an outer shaft of 
brickwork and an inner core, or lining, extending part way or throughout 
the entire length of the shaft. 

The single shell is the usual construction where care- 
fully burned and selected brick, not easily affected by 
the heat, are used. As the inner core or lining is in- 
dependent of the outer shell and has no part in the 
strength of the chimney, the rules for determining the 
thickness of the walls are practically the same for both 
single and double shell. Cast-iron or tile copings are 
commonly provided on brick stacks to thoroughly pro- 
tect the top course from the weather. 

143. Thickness of Walls. — The thickness of the wall 
should be such as to require minimum weight of material 
for the proper degree of stability, due consideration being 
paid to the practical requirements of construction. The 
thickness does not vary, uniformly, but decreases from 
bottom to top by a series of steps or courses as in Fig. 

201. In general, the thickness at any section should be 
such that the resultant stress of wind and weight of shaft 
will not put the masonry in tension on the windward Fig. 201. 
side or in excessive compression on the leeward side. 

For circular chimneys using common red brick for the outer shell, the 
following approximate method gives results in conformity with average 
practice: 



« « 4 + 0.05 d + 0.0005 H 


( 101 ) 
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where 

t ~ thickness in in. of the upper course, neglecting ornamentation, 
and should, of course, be made equal to the nearest dimension 
of the brick in use. Ordinary red bricks measure 8 1/4 by 4 by 2. 

d = clear inside diameter at the top, in. 

H = height of stack, in. 

Beginning at the top with this thickness, add one-half brick, or 4 in., 
for each 25 or 30 ft. from the top downwards, using a batter of 1 in 30 to 1 
in 36. 

The minimum value of t for stacks built with inside scaffolding should 
be 7 in. for radial brick and 8 1/4 in. for common brick, as a thinner wall 
will not support the scaffold. Radial brick for chimneys are made in 
several sizes, so that the thickness of the walls, when they are used, in- 
creases by about 2 in. at the offsets. 

For specially molded radial brick or for circular shells reinforced as in 
Fig. 202, the length of the different courses may be much less than stated 
above. The external form of the top is a matter of appearance, and may 
be designed to suit the taste^ but should be protected by a cast-iron or tile 
cap and provided with lightning rods. Ladders for reaching the top of 
the chimney are generally located inside the brick stacks and outside the 
steel structures. 

Professor Lang’s rule (Engrg. Rec., July 20, 1901, p. 53) for determining 
the length of the different courses is (Fig. 201): 

h = C{20 t + mi + 0.1056 G + 2.5 d/2 + 656 tana - 0.007 H 

- 0.453 p - 18.7). (102) 

in which 

h = length of the course under consideration, 

C = constant — 1 for a circular, 0.97 for an octagonal, and 0.83 for a 
square chimney, 

i = increase in thickness for each succeeding section, ft., 

0 = weight per cu. ft. of brickwork, 

p = wind pressure, lb. per sq. ft. 

a = angle of the internal batter. 

All other notations as indicated in Fig. 201. 

For chimneys over 100 ft. in height, he recommends that 100 be used 
instead of the actual height, since the critical point will be in one of the 
lower sections and not at the base. 

If a value of h is obtained which is not contained an even number of 
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times in it may be slightly increased or decreased so as to effect this 
result. 

To determine the stresses at any section, the shaft is treated as a canti- 
lever uniformly loaded, with a maximum wind pressure of 25 lb. per sq. ft. 
If the tension on the windward side subtracted from the compression leaves 
a positive remainder, the chimney will be under compression throughout 
the section; if the remainder is negative, the masonry will be in tension, 
which it withstands but feebly. The sum of the compressive stresses on 
the leeward side due to wind pressure and weight must be less than the 
crushing strength of the masonry. The practice, however, of assuming a 
fixed value for allowable pressure irrespective of the height of the stack 
gives dimensions that are too low for small stacks and too high for large 
stacks. According to Professor Lang, compressive stress on the leeward 
side, in lb. per sq. in., with single chimneys should not exceed 

p = 71 + 0.65 L, (103) 

where 

p = pressure in lb. per sq. in. 

L = distance in ft. from top of chimney to the section in question. 

With double shell, 

p = 85 + 0.65 L. (104) 

The tension on the windward side should not exceed, 

for single shell; p = (18.5 + 0.056 L), (105) 

for double shell; p = (21.3 + 0.056 L), (106) 

Example 27. — Determine the maximum stress in the outer fiber of 
the brickwork at the base of section 8 of the chimney illustrated in Fig. 
204. 

Solution. — Assume the weight of the brickwork 120 lb. per cu. ft. and 
a maximum wind pressure of 25 lb. per sq. ft. of projected surface. The 
height of the chimney to section 8 is 131.4 ft. The projected area as com- 
puted from the figure is 1800 sq. ft. Hence p, the total wind pressure, is 

1800 X 25 = 45,000 lb. The volume of brickwork above section 9 may 
be calculated, and is 6150 cu. ft., hence the weight W = 6150 X 120 = 
738,000 lb. The area of the joint at this section is 75.3 sq. ft., therefore, 
the pressure due to the weight of the superimposed brickwork is 738,000 
divided by 75.3 = 9800 lb. per sq, ft.; h = 55 ft. (found by laying out the 
section and locating the center of gravity); di = 16.2, d = 12.9. The 
stress due to the wind pressure may be found by substituting the proper 
values in equation (89); thus: 

45,000 X 55 = 0.0983 S (1^ - i^^)/16.2 
S = 9907 lb. per so. ft. 


from which 
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The net stress on any part of the section is the resultant of that due to 
the 'weight of the stack and that caused by the wind, the net stress on the 
windward side being 

—9907 + 9800 = —107 lb. per sq. ft. 

which is evidently a tensile stress and should never exceed the value 
given by formula (105): 

p = 18.5 + 0.056 L = 18.5 + 0.056 X 131.4 
= 25.8 lb. per sq. in., or 3715 1b. per sq. ft. 

The net compressive stress on the leeward side is 9800 + 9907 = 19,707 
lb. per sq. ft. which should not exceed thai given by formula (103): 

p = 71 + 0.65 L = 71 + 0.65 X 131.4 
= 156.4 lb. per sq. in., or 22,521 lb. per sq. ft. 

144. Core, Lining, etc. — The core, or lining, of a brick chimney is 
commonly carried to the top of the shaft, though it sometimes extends 
only part of the distance. The inside diameter is generally uniform, the 
offsets being made on the outside. The core and o’^ter shell should be 
independent, to prevent injury due to expansion of the core. The rules 
for the thickness of lining in stool chimneys without supporting shelves 
apply also to brick chimneys. The batters for the inner and outer shells 
should be such as to allow at least 2 in. clearance between the two shafts 
at the top, and the top should be protected by an iron ring or by a project- 
ing ledge from the outer shell. Lightning protection is always required 
and usually consists of three or more platinum-tipped copper points con- 
nected by a heavy cable to an ample ground plate buried in permanently 
moist soil. An outside ladder is always a desirable, but not a necessary 
feature on any type of stack. Modern central station stacks are usually 
provided with hopper-bottom floors below the flue opening, for collecting 
and discharging the cinders. In some installations the cinders are re- 
moved by steam ejectors, but in most cases the cinders are dumped by 
gravity and removed by hand trucks or barrows. 

145. Materials for Brick Chimneys. — Brick for the external shaft 
should be hard burned, of high specific gravity, and laid with lime mortar 
strengthened with cement. Lime mortar itselt is more resistant to heat, 
but hardens slowly and may cause distortion in newly erected stacks, and 
hence should be used only when a long time is taken in building. Mortar 
of cement and sand alone is not to be recommended, since it does not re- 
sist heat well and is attacked by carbon dioxide, particularly in the pres- 
ence of moisture. A mortar consisting of 1 part by volume of cement, 2 
of lime, and 6 of sand may be used for the upper brickwork; 1, 2 1/2, and 8 
respectively for the lower part; and 1, 1, and 4 respectively for the cap. 
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The harder the brick the more cement is necessary, as lime does not cling 
so well to hard, smooth surfaces. The inner core may be constructed of 
second-class fire brick, since the temperature seldom exceeds 600 deg. fahr. 
Lime mortar is invariably used for the core. In the modern plant, com- 
mon brick have been almost entirely superseded by radial brick and tile. 
See paragraph 147. 

146. Stability of Brick Chimneys. — When there is no wind ’blowing 
and the chimney is built symmetrically about a vertical axis, the pressure 
due to weight is uniformly distributed over the bearing surfaces, and the 

center of pressure lies in the line XX, Fig. 203. 
But when the wind blows, th-^ pressure exerted 
tends to tilt the shaft as a whole column in 
the direction of the current, and the resultant 
pressure at the windward side of the base de- 
creases, until, with a sufficiently high velocity 
of wind, it may become zero or even negative, 
in which case the center of pressure moves 
towards the leeward side of the base. As soon 
as the pressure at A becomes zero, the joint 
begins to open (assuming no adhesion be- 
tween chimney and base) and the shafr is 
evidently in the condition of least stability. 
The distance e' from the center of gravity of 
the shaft to the center of pressure is called 
the eccentricity and may be expressed: 



Fig. 203 


in which 


e' = Ph/W ' 


( 107 ) 


e' = eccentricity, in ft. 


other notations as in equation (89). 

The distance q from the center of gravity of the shaft to the center of 
pressure for the condition of least stability (i.e., zero stress in the outer 
fiber on the windward side) is called the radius of the statical moment or 
the radius of the kem. The kern itself is the area enclosed by the locus 
of the center of pressure. Evidently, for stability (assuming that tension 
is not permissible), the center of pressure must fall within the area of the 
kem, that is 

e' 5 g 
or Ph ^ Wq 

g 4- e' is sometimes called the factor of stability. 


(108) 

(109) 



CHIMNEYS 


331 


It may be shown that the value of q for the condition of least stability 
is a function of the cross section only, or 

q = I/Ae^ (110) 

in which 

I = moment of inertia of the section about the gravity axis at right 
angles to the direction of the wind. 

A = area of the section, 

e = distance from the center of the shaft to the outer edge of the joint. 

Thus, for a solid circular section q = constant = D/S 

For a solid square section (maximum) q = L/6 

For a solid square section (minimum) q = 0.1 18L 

For a hollow circle q = constant — (D^ + (P)/SD 

For a hollow square (maximum) q = {IJ + P)/6L 

For a hollow square (minimum) q = 0.118 (L^ + P)/L 

A rule of thumb for stability is to make the diameter of the base one- 
tenth of the height of a round chimney; for any othei shape to make the 
diameter of the inscribed (jircle of the base one-tenth of the height. Cal- 
culations should be made for various sections. 

Example 28. — Analyze the chimney illustrated in Fig. 204 for stability 
at, say, section 8, assuming the weight of brickwork as 120 lb. per cu. ft. 

Solution. — From the drawing: 

Projected area of the stack, 1800 sq. ft., 

Volume of brickwork, 6150 cu. ft., 

Outside diameter of base, 16.2 ft., 

Inside diameter of base, 12.9 ft.. 

Center of pressure to base line, 55 ft., 

' Total height above base line, 131.4 ft. 

Calculated data: 

Maximum total wind pressure: 

P = 1800 X 25 = 45,000 lb. 

Weight of shaft: 

W = 6150 X 120 = 738,000 lb. 

Wind moment: 

Ph = 45,000 X 55 = 2,475,000 ft-lb. 

Eccentricity: 

c' - PA -4- TT = 2,475,000 ^ 738,000 = 3.35 ft. 

* Rankine, ** Applied Mechanics ” p. 229 . 
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Radius of the kem: 

q = {D^ + dP) -5- 8D = (lO® + 8 X 16.2 = 3.3 ft. 

For stability, the radius of the kern should be equal to or greater than 
the eccentricity. While q is slightly less than c' for this section, the dif- 
ference is so small that the structure may be considered stable for all 
practical purposes, particularly in view of the fact that some tension is 
permissible in stacks of this particular make. 

Chimney Design and Construclion: T. S. Clark, Power Plant Engrg, Dec. 1, 1920, 

p. 1121. 

The Design of Tall Chimneys: Henry Adams, Ind. Engrg, March, 1912, p. 198. 
Self-supporting Chimneys to Withstaml Earthquakr- C. li. Wevrnouth, Trans. A.S.M.E., 
Vol. 42, 1920, p. 787. 



Fig. 205. Custodis 
Radial Brick. 


147. Radial Brick Chimneys. — Masonry chimneys built of specially 
molded radial brick are finding increased favor with many engineers be- 
cause of their many advantages over the common brick 
structures. The blocks arc usually perforated as illus- 
trated in Fig. 205, and are formed to suit the circular 
and radial lines of each part of the chimney. They are 
larger than common brick, thereby reducing the number 
of joints. When the blocks are laid in the wall, the 
mortar is pressed into the perforations, locking them 
together in a manner similar to a mortisc-and-tenon 
joint. This, with the breaking of the joints by use of 
different lengths of radial blocks, forms an excellent 
bond and greatly incriiases the strength of the entire 
structure. An 8-in. wall of radial brick is equivalent 
in strength to a 12-in. wall of common brick. For 

ordinary boiler purposes, the 
lining is approximately one- 
fifth the height of the stack. 
The largest chimney in the 
world at this date (1924) is 
of this type and is located 
at Anaconda, Mont. It ,^is 
585 ft. high and 60 ft. in in- 
ternal diameter at the top. 

148. Wiederholt Chimney. — This type of chimney consists essentially 
of a combination of the masonry and reinforced concrete structures. The 
inner and outer surfaces of the shaft are formed by vitrified fire-clay tile 
of special design, as illustrated in Fig. 207. When placed in position, 
these tile form a permanent mold into which the reinforcing bars and con- 
crete may be introduced. Both vertical and horizontal reinforcing bars 



Fig. 206 . 


Method of Laying and Bond in 
Radial Brickwork. 
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Fig. 207. Tile for 
Wiederholt Chimney. 


are incorporated in the structure in much the same manner as in the 
straight concrete type. Because of the tile lining, much higher tempera- 
tures may be safely carried than with the concrete type, and the color 
may be readily made to match that of the power 
house or adjoining buildings. 

149. Reinforced Concrete Chimneys. — Reinforced 
concrete chimneys have been in use for many years. 
The advantages claimed for this class of stack are: 

1. Light weight, the whole structure being but 
one-third as heavy as an ecjuivalent common brick 
chimney. The space occupied is much less than 
with either brick or steel stack, on account of the 
thinness of walls at the base and the absence of any flare or bell. 

2. Total absence of joints, the entire structure, including foundation, 
being a monolith. 

3. Great resisting power against tension and compression. 

4. Rapidity of construction. May be erected at an average rate of 
6 ft. per day. 

5. Adaptability of the material to any 
form. 

The proper selection of aggregate, 
scientific mixing of the material, and 
efficient pouring of the concrete reejuires 
greater skill than is frequently employed 
in fabricating a thin-walled stmeture 
such as a chimney; consequently, some 
of the improperly erected chimneys have 
been rendered worthless by disintegration 
and cracking of the concrete. There are 
many reinforced concrete chimneys in 
perfect condition after years of service, 
and this class of structure is finding con- 
tinued favor with many engineers; but 
because of the failure of a few of the of Reinforcing 

older designs, some propaganda has been Wiederholt Tile Chimney. 

spread concerning their ability to withstand rapid disintegration. 

Figure 209 gives the details of a Weber “ coniform ” steel-concrete 
chimney as erected at Grafton, Mass., for the Grafton State Hospital. 
The entire structure, foundation, shaft, and lining, is monolithic, 157 ft. 
in total height, 7 ft. internal diameter, and weighs only 344 tons. It 
occupies but 108 sq. ft. of ground space at grade level. The weight of 
the shaft and lining is 249 tons. 
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The shaft is of the double-shell t 3 rpe with inner core extending 65 ft. 
above the grade. The core is but 4 in. in thickness and the shaft varies 
from 10 3/16 in. at the junction of the core and shaft to 4 in. at the top. 
The core reinforcement consists of twelve vertical 1/2-in. twisted steel 
bars and similar horizontal bars wound spirally at 14-in. centers. The 
vertical reinforcement in the outer shell varies from fifty-two 3/4-in. 
twisted bars at the grade to twelve 5/8-in. bars at the top. The horizontal 
reinforcement consists of 1/2-in. twisted steel rings spaced at 14-in. centers 
along the entire height of shaft and wound spirally. The steel bars vary 
from 16 to 30 ft. in length, and whore they meet lengthwise are lapped 
not less than 24 in. The use of different lengths of steel prevents the laps 
from concentrating in any given section. 

One of the tallest chimneys of this tjrpe in the world is located in Japan. 
It is 567 ft. high and 26 ft. 3 in. in diameter at the top. 

Lightning protection is almost invariably provided for concrete stacks. 

The determination of the amount of steel reinforcement does not permit 
of simple mathematical calculation because of the number of variables 
entering into the problem, and graphical charts plotted from semi-rational 
formulas offer a simple solution. The curves in Fig. 2 1 0 are reproduced from 

Principles of Reinforced Concrete Construction,^^ 2nd Ed., p. 408, by 
Turneaure and Maurer, and are used extensively in this connection. The 
use of the cnart is best illustrated by a specific example. 

Example 29. — Determine the amount of reinforcement required for the 
chimney iUustrated in Fig. 209 at section BB, 

Solution. — From the drawing we find: 

D = 11 ft. 9.5 in. r = radius of the steel circle = 5.79 ft. 

d = 10 ft. 1 1/8 in. A = 153 ft. 

The following values may be obtained by simple arithmetic computa- 
tions, but the actual calculation will be omitted for the sake of brevity. , 

IF, weight of shaft above section BB, 409,000 lb. 

A, area of shaft above section BB, 4320 sq. in. 

M, wind moment above section BB, 2,600,000 ft-lb. 

6, eccentricity = M/W = 6.36 ft. 

e/r = 1.1. 

Assume a maximum compression in the concrete of fc = 360 lb. per sq. 
in. (In practice this assumed value varies from 350 lb. per sq. in. for 
chimneys under 150 ft. in height to 500 lb. per sq. in. for chunneys 350 ft. 
' high.) 

m, a coefficient = fcA/W == 3.8. 

From the curves in Fig. 210, the intersection of m = 3.8 and e/r = 1.1 
gives p (per cent of steel required) as 0.53. 

But p = area steel 4- area section. 

Whence, area of steel = 0.0053 X 4320 = 23 sq. in., corresponding to 
62 3/4-m. steel bars. 
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Other sections at 20-ft. intervals have been analyzed in a similar manner 
and the results inserted in Fig. 209. 

In the earlier types of steel-concrete chimneys designed and built by 


Wm 







1 



m 





Values of Bccentriolty-, e^'r 

Fig. 210. Wind Stresses in Steel-concrete Chimneys (Tumeaure and Maurer). 

the Weber Company, the amount of steel reinforcement was calculated 
from equation (92), but all recent structures are proportioned on the 
Tumeaure and Maurer chart. The resultant stress R. as calculated from 
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equation (92), necessitates the use of more reinforcement than that derived 
from the chart. 

Evas6 Stacks. See paragraph 155. 

Design^ C(mtnuMon and Coat of a 137-/^. Reinforced Concrete Chimney: Engrg. & 
Contr., Aug. 11, 1915, p. 111. 

150-F^. Concrete Chimney to Serve Two Breechings: Power Plant Engrg., Feb. 15, 
1924, p. 240. 

150. Breeching. — The flue or breeching leading from the boiler to the 
chimney should be proportioned to offer a minimum resistance to the flow 

of gases, except per- 
haps where the mini- 
mum height of stack 
is flxed by other than 
draft requirements. 
The flue may be 
carried over the boil- 
ers or back of the 
setting, or even xmder 
the fire-room floor. 

Two or More Bonero with Stack Y-Breeching Underground brOech- 

Fig. 211. Types of Breeching Connections for excessive 

Small Plants. pressure drop, and are 

difficult to clean. For 

low draft resistance, the breeching should be as short as possible, free from 
sharp bends, and abrupt changes in area, and of a cross-sectional area 
approximately 20 per cent greater than that of the chimney proper. While 
it is possible to find mathematical expressions which permit of rational 
analysis of the pressure drops due to bends, sudden enlargements, skin- 
friction and the like, the coefficients or experimental factors vary so 
widely in numerical value, and the probable operating conditions are 
ordinarily so uncertain, that refined calculations are without purpose. In 
large installations where the influencing factors may be approximated 
with reasonable accuracy, the various friction drops are calculated by equa- 
tions (74) and (75), but, in the majority of small plants, these resistances 
are based on rules of thumb, such as allowing 0.10 in. of water pressure 
per 100 ft. of flue and 0.05 in. per right-angle turn. A breeching of circular 
cross section causes less draft loss than one of square or rectangular section, 
and the flatter the rectangle the greater is the draft loss. Clean-out doors 
should be provided at convenient points for the removal of soot and for 
access to the breeching. Breechings should be covered with non-conduct- 
ing material so as to reduce heat losses, and the covering should be on the 
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outside because an inside lining is difficult to repair and deterioration may 
easily escape detection. The covering material usually consists of 2 in. 
of block and plastic insulation on wire mesh or rod frame, with a hard 
cement finish. An expansion joint should be provided in the flue to form 
a flexible connection between the flue and stack. This is generally located 
at or near the stack. 

The flue is also de- 
signed to move in- 
dependently of the 
stack, Gannister pack- 
ing being used to 
effect a seal against 
air filtration. Each 
additional boiler con- 
nected to the breech- 
ing will cause a pres- 
sure drop due to fric- 
tion or interference 
of the gases as they 
enter the breeching, 
or to leakage through 
the dampers when the 
boiler is out of ser- 
vice. A common rule 
is to allow an addi- 
tional pressure drop 
of 0.05 for each boiler 
connected to the 
breeching. The cross 
section of the flue 
need not be the same throughout its entire length, but may be tapered 
and proportioned to the number of boilers. Where two flues enter the 
stack on opposite sides, a diaphragm is inserted as indicated in Fig. 204. 
Some of the different arrangements of breechings and uptakes are illustrated 
in Fig. 211, and Figs. 212 and 213 give the general details of two recently 
installed breechings. 

151. Dampers. — Dampers are for the purpose of controlling the rate 
of combustion by varying the flow of gas to the chimney and for ** cutting 
out ” the boilers entirely. Each boiler should be provided with an inde- 
pendent damper for individual control. A main, or stack damper, near 
the chimney is frequently used for controlling the general or total load. 
The dampers may be controlled either by hand or automatically (see 



Fig. 212. A Circular Center-connection Breeching 
for Four Boilers. 



Fig. 213. One Section of a Rectangular Breeching 
for Six Boilers. 
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paragraph 90). Dampers should be made the full area of the breeching 
or uptake, and should be preferably installed on heavy horizontal shafts 
himg on ball or roller bearings at the ends, and with grindstone bearings 
at intermediate interior points in case of very long shafts. In best practice 
the end bearings are so installed that they are well ventilated to prevent 
heating and are protected from cinders and dust. 

152. Chimney Foundations. — On account of the concentration of 
weight on a small area, the foundation of a chimney should be carefully 
designed. In most cities, the building laws limit the maximum loads 
allowed for various soils and materials, and although they vary consider- 
ably the average range is approximately as follows: 


MATERIAL SAFE LOAD, LB. PER SQ. FT. 

Hard-burned brick masonry, cement mortar, 1 to 2 20,0()0--30,000 

Hard-burned brick masonry, cement mortar, 1 to 4 18,000-24,000 

Hard-burned brick masonry, lime mortar 10,000-20,000 

Concrete, 1:2 : 4 20,000-40,000 

KIND OF SOIL SAFE LOAD, TONS PER SQ. PT. 

Quicksands and marshy soils 0.5- 1.0 

Soft, wet clay 1.0- 2.0 

Clay and sand 15 ft. or more in thickness 1. 6-3.0 

Pure clay 15 ft. or more in thickness 2.0- 6.0 

Pure, dry sand 15 ft. or more in tliickness 2.0- 4.0 

Firm, dry loam or clay 3.0- 6.0 

Gravel, well packed and confined 8.0-10.0 

Rock, broken but well compacted 10.0-15.0 

Solid bedrock Up to J of its ultimate crushing strength. 

Tons per Pile 

Piles in made ground 2.0- 8.00 

Piles driven to rock or hardpan 6. 0-25. 0 


Chimney foundations, as a rule, are constructed of concrete, except 
where the low sustaining nature of the soil necessitates the use of piles or 
a grillage of timber or steel. For masonry chimneys, the foundation is 
designed to give the necessary support to the shaft without particular 
reference to its mass or distribution, as the shape of the foundation has 
virtually no effect on its stability as a column. In steel and reinforced 
concrete chimneys, the shape and weight of the foundation are a function 
of the desired factor of stability, since the shaft is securely anchored to 
the foundation and the two form practically one mass. The foundation 
should be designed to fulfill the conditions for shear and flexure in addition 
to the requirements for stability. Where the foundation is not reinforced, 
the angle of the sides with the vertical should not exceed 30 deg. The 
maximum pressure on the soil is the sum of the pressure due to weight 
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only and that due to the wind moment, or, 

Pt = ^ 362(1 - 26/6) * (111) 


in which 

Pt = maximum pressure due to wind and weight, lb. per sq. in., 

Wt = total weight of the chimney and foundation, lb., 

6 = eccentric M/W — wind moment divided by the weight, 

6 = width of the foundation. 

TaU Chimneys: W. Christie, Combustion, Nov. 1913, p. 368. 

PROBLEMS. 

1. Determine the maximum theoretical static draft obtainable from a chinmey 
200 ft. high; altitude 2250 ft. (barometer 27.5 in.); temperature outside air 80 deg. 
fahr.;, temperature of the flue gas 500 deg. fahr. 

2. What is the maximum theoretical capacity (lb. of gas per hr.) of a chimney 8 ft. 
in diameter for the following conditions: Mean gas temperature 600 deg. fahr., outside 
air 60 deg. fahr., sea level, density of gas at 32 deg. fahr. and atmospheric pressure 0.085 
lb. per cu. ft? 

3. Prove mathematically that the maximum theoretical capacity is independent 
of height. 

4. Calculate the height of an imlined steel stack suitable for burning 20 lb. of Illinois 
bituminous coal per sq. ft. of grate surface per hr. for a hand-fired return-tubular 
boiler, standard setting, when the temperature of the outside air is 70 deg. fahr. and 
that of the flue gas is 450 deg. fahr. Assume a pressure loss in the boiler of 0.2 in. 

6. Determine the height and diameter of stack for a battery of Wickes vertical 
water-tube boilers rated at 4000 hp., equipped with chain grates and burning Illinois 
screenings; boiler rated at 10 sq. ft. of heating surface per hp.; ratio of heating surface 
to grate surface, 40 to 1; flue 50 ft. long; stack to be able to carry 100 per cent over- 
load; atmosphere temperature 60 deg. fahr., average barometric pressure 29 in.; tem- 
perature of flue gas at overload 650 deg. fahr.; calorific value of the coal 11,000 B.t.u. 
per lb. Assume pressure drop through boiler from the curves in Fig. 63. F = 30 ft. sec. 

6 . Compute the size of stack for the conditions in Problem 5 by means of Rentes 
equation. 

7. Determine the thickness of plates at various sections for a self supporting steel 
stack of the height and diameter as calculated in Problem 5. 

8 . Determine the size of foundation for the chimney in Problem 7; firm clay foun- 
dation. 

9. Design a brick chimney suitable for the data in Problem 5. Analyze the various 
sections for strength and stability. 

* Principles of Reinforced Concrete Construction, Tumeaure and Maurer, 2nd Ed., 
p. 423. 



CHAPTER IX 
MECHANICAL DRAFT 

153. General. — Chimneys are necessary for discharging the products 
of combustion at an elevation compatible with health requirements or 
community ordinances. This height is sufficient, in case of the great 
majority of small power plants, to produce the maximum draft require- 
ments. Small plants, however, which are supplied with fuels requiring 
intense draft, such as bone coal, low-grade screenings, culm, and the like, 

seldom have stacks of 
sufficient height to 
overcome the resist- 
ance of the fuel bed. 
In many of our large 
industrial plants, and 
in practically all our 
ultra-modern central 
stations, the resistance 
to be overcome in 
forcing the air through 
the fuel bed, and the 
products of combus- 
tion through the boiler 
and setting, is far 
beyond that obtainable with any reasonable height of stack. Further- 
more, if a chimney is deficient in draft because of additions to the 
boiler equipment or increase in load, there is no method of increasing 
the natural draft except by adding to the height of stack. Artificial, 
or mechanical draft, has solved the problem for the large station 
and offers a simple and effective means of furnishing the entire draft 
requirements or of boosting stack capacity. In a general sense, where the 
total resistance necessitates draft pressures exceeding 1.5 in. of water, 
other conditions permitting, it is more economical to use artificial draft. 
Some idea of the pressure required to effect high rates of combustion in 
locomotive and stoker-fired stationary plants may be gained from an 
inspection of the curves in Figs. 214 and 215. See also paragraph 81 for 
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Fia. 214. Relation Between Draft and Rate of Com- 
bustion. Consolidated Locomotive. 
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pressure drops through boilers and paragraph 26SL for pressure drops 
through economizers. 

Mechanical draft has many advantages, and imder'certain conditions 
is indispensable; it is very flexible and readily adjusted to effect various 
rates of combustion, irrespective of climatic influences, and permits any 
practical degree of overload without undue expenditure of energy. 

Artificial draft may be broadly classified under two heads: 

1. The vacuum or induced draft, and 

2. The plenum or forced draft. 

In the induced-draft system, a partial vacuum is produced above the 
fire by suitable apparatus, and the effect is substantially that of natural 
draft. 

In the forced-draft system, pressure, above that of the atmosphere, is 
created below the fuel bed, the air being forced through the fuel. 



xFoonds of Coal per Retort per Hour 

Fig. 215. Approximate Forced-draft Pressure Required at Different Rates 

of Combustion. 

A neutral furnace draft may be effected by a combination of forced 
draft and induced or chimney draft. The pressure created by forced 
draft is made sufficient to overcome the resistance of the fuel bed while 
the chimney or induced draft is depended upon for creating a suction 
throughout the furnace and setting. The adjustment is such that practi- 
cally atmospheric or a slight suction pressure exists in the combustion 
chamber. 

In all these systems the artificial draft is usually produced by either 
(1) steam jets, or (2) centrifugal fans or exhausters. 

154. Steam-Jet Blowers and Exhausters. — Steam jets are frequently 
used for forcing air through the fuel bed and occasionally for creating all 
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or a part of the draft pressure in stationary plants, though this practice is 
not as common in America as in certain parts of Europe. Steam jets 
placed in the breeching or stack create a suction throughout the boiler 
setting, and their action is similar to that of a chimney. When placed 
Deneath the fuel bed, they create a pressure greater than atmospheric, 
and force the air required for combustion through the 
fuel. Induced draft produced by steam jets is inex- 
pensive in first cost and in cost of operation, provided 
the steam used is a waste product, as for example, in 
locomotive practice, but the cost of operation is usually 
prohibitive if live steam must be used. In order to 
develop sufficient chimney action for operating the entire 
boiler, from 3 to 20 per cent of the live steam generated 
is required by the jet, depending upon the amount of 
steam generated, nature of the fuel, character of the 
equipment, and rate of combustion. Figure 216 shows 
a simple form of jet device for increasing the draft in a 
stack, but one which is very extravagant in the use of 
steam. Higher capacities and lower steam consumptions can be had 
with a single expanding nozzle surrounded by a series of concentric 
diffusing cones, as illustrated in Fig. 217. 

Attention should be called to the fact that it is the 
velocity and not the weight of steam which creates the 
draft, and for this reason the nozzles should be of the 
expanding type designed for maximum velocity. The 
suction created by a steam jet for induced-draft service 
should not exceed 3/4 in. of water; otherwise the steam 
consumption per cu. ft. of flue gas discharged may be- 
come excessive. It is a safe rule to avoid the use of 
live steam jets for creating induced draft, except possibly 
in small plants where the stack action is defective and 
forced draft is inadvisable. 

Steam jets for forced draft are seldom designed to 
produce the entire draft requirements of a boiler, but are 
primarily intended to overcome the resistance of the grate 
and fuel bed only. In this connection most of them 
consist essentially of some form of hollow grate bar through which the 
steam jets force a current of steam and air. Figure 218 shows a type of 
jet blower which involved to some extent the principle of the ejector. In 
hand-fired furnaces, the live steam required for jet operation varies from 1 
to 16 per cent of* the total generated by the boiler, depending upon the 
amount of steam generated by the boiler; the draft pressure to be devel- 



Fiq. 217. Prin- 
ciples of Koert- 
ing Chimnej^ 
Ventilator. 



Fia. 216. Ring 
Steam Jet. 



MECHANICAL DRAFT 


345 


oped; number, size and design of nozzles; design of the grate, and the 
nature of the fuel and the rate of combustion. The values in Table 51 
may be used as a guide for approximating the weight of saturated steam 
flowing through nozzles of different sizes. For superheated steam see 
equation (172). In certain types of stoker-fired furnaces, steam consump- 
tions as low as 1.2 per cent of the 
total generated by the boiler have 
been recorded. In the latter case the 
jet merely overcame part of the re- 
sistance of the fuel bed. The action 
of the steam with some classes of 
fuel is to reduce the formation of 
clinker and lower the draft resist- 
ance of the fuel bed, but a suitable 
fan in connection with exhaust steam is ordinarily more economical 
for this condition than a live-steam jet blower. High-pressure live- 
steam jets are decidedly uneconomical from the standpoint of steam 
consumption for draft pressures exceeding 3 in. of water, and should 
never be considered in the design of a new plant, except for purposes other 
than that of producing draft.” The volume of air delivered by a properly 



Fig. 218. McClaves Argand Blower. 



Fig. 219. Performance of Koerting Steam-Jet Blowers. 


designed jet, with steam at initial pressures varying from 45 to 115 lb. 
gage, varies from about 250 cu. ft. per lb. of steam for a static pressure of 
1 in. of water to approximately 180 cu. ft. per lb. for a static pressure of 
4 in. (See Fig. 219.) Water jets serve the same purpose as the steam-jet 
type of apparatus, but they are seldom found in American practice. 

A Modern Steam-jet Furnace: Gas Journal, Sept. 19, 1923, p. 870; Mech. Engrg., 
Jan. 1924, p. 44. 
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TABLE 51 

APPROXIMATE WEIGHT OF SATURATED STEAM DISCHARGED THROUGH NOZZLES 

Lb. per Min. 

(Baaed on Napier's Rule) 


Diameter 
at Small- 
^See- 
tion, In. 

Area 
Sq. In. 

Steam Pressure, Lb. per Sq. In. Gage 

40 

50 

60 

70 

80 

90 

100 

no 

115 

125 

150 

175 

200 

i 

0.0123 

0.59 

0.70 

0.80 

0.90 

0.99 

1.10 

1 20 

1 31 

1 36 

1.46 

1.73 

1 99 

2 26 

A 

0.0276 

1.33 

1.56 

1.79 

2.02 

2.24 

2.48 

2 71 

2 96 

3 07 

3 31 

3.90 

4 49 

5.09 

i 

0.0491 

2.41 

2.83 

3.26 

3.68 

3 98 

4 39 

4 81 

5 23 

5 44 

5.86 

6.90 

7 96 

9 02 

A 

0 0767 

3.79 

4 45 

5.12 

5 77 

6 23 

6 87 

7.54 

8 20 

8 51 

9 17 

10 75 

12 47 

14 05 

i 

0.1100 

5.42 

6 35 

7 33 

8.25 

8 96 

9.92 

10 85 

11.80 

12 28 

13 23 

15 60 

17.95 

20 35 

A 

0.1503 

7.40 

8.66 

10.00 

11.25 

12 21 

13 49 

14.78 

16 07 

16 72 

18 00 

21 22 

24 43 

27 70 

i 

0.1063 

9.65 

11.30 

3.05 

14.70 

15 92 

17 61 

19.30 

20 98 

21 82 

23 50 

27 70 

31 90 

36 13 

A 

0.2485 

12 25 

14.40 

16 60 

18.70 

20 17 

22 30 

24 42 

26 56 

27 60 

29 75 

35 10 

40 40 

45 75 

f 

0.3068 

15 10 

17 75 

20.40 

23.00 

24 90 

27.55 

30.16 

32 80 

34 10 

36 70 

43.31 

49 89 

56 50 

U 

0.3712 

18.25 

21.40 

24.65 

27 80 

30 15 

33.31 

36.45 

39 68 

41 25 

44.40 

52 40 

60 36 

68 31 


0.4418 

21.80 

25.60 

29.40 

33 20 

35 85 

39 60 

43 43 

47 20 

49 20 

52 90 

62 30 

71 83 

81 30 

n 

0 5185 

25.50 

29.90 

34.40 

38 20 

42.10 

46 50 

50 90 

55 40 

57.64 

62 00 

73 10 

84 25 

95 45 

i 

0 6013 

29 60 

34.80 

40.00 

45.10 

48.75 

53 96 

59.10 

64.27 

66.84 

72 00 

84.80 

97.77 

no 50 

u 

0.6903 

34.00 

30.90 

46 00 

51 75 

56 10 

61 90 

67 80 

73.70 

76 74 

82.60 

97.50 

112 24 

127 10 

1 

0.7854 

38.60 

45.40 

52.20 

59 00 

63 75 

70.40 

77.22 

83 94 

87 31 

93 90 

110.82 

127 71 

144 50 


Steam to Turbine 


155. Fan Draft. — In the great majority of steam plants operating with 
mechanical draft, forced or induced, the draft pressure is created by some 
sort of centrifugal blower or exhauster. A few years ago it was common 

practice to install a single blower or 
exhauster for an entire battery of 
boilers, duplicate fans being installed 
only where continuity of operation 
was of prime consideration. While 
this practice is by no means obsolete, 
most of the modern boiler units are 
equipped with independent blowers 
and exhausters. This is true not only 
for tho» huge stoker-fired units in the 
large central station and industrial 
plant, but also for the hand-fired 
boilers in the small isolated station. 
A common duct or plenum chamber 
is frequently used in connection with 
the individual fan system, but this 
is intended primarily as a cross over for emergency use rather than a 
distributing main. 

Figure 220 shows an installation of a turbo-imdergrate blower in the 



Fig. 220. Typical Forced-draft Equip- 
ment Hand-fired Boiler. 
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side wall of a hand-fired boiler, illustrating current forced-draft practice 
for this class of equipment. The blower, consisting essentially of a small 
impulse steam turbine, direct connected to a specially designed propeller 
fan, may be placed in the rear or front wall instead of the side wall as 
illustrated. The blower discharges below the grate and may be auto- 
matically controlled by damper regulation. The turbine exhaust may be 
discharged into the ashpit or it may be used in the feedwater heater or other 
heating devices. While the ordinary propeller type of undergrate blower 
is a comparatively low-efficiency macliine, small blowers of the Coppus 

Vano ” type have been developed to a high state of efficiency comparable 
with that of the largest multi-vane units. 

Figure 221 shows the application of a forced-draft fan to a boiler unit 
equipped with underfeed stokers, illustrating current practice. 



Fig. 221. Typical Forced-draft Installation. Underfeed Stokers. 


In most installations, forced draft is employed merely to overcome the 
resistance of the fuel bed and not to overcome the additional resistances 
of the gas passages. In order to force the gases through the various boiler 
passes, as well as to feed air through the fuel bed, a pressure greater than 
atmospheric would have to be maintained throughout the entire setting. 
This would tend to force the gases outward through any leaks in the set- 
ting, or in case of a tight setting, to force them through the fire door when 
the fire is cleansed or replenished. In the modern plant a neutral or 
preferably a slight suction is maintained in the furnace, and the rest of the 
gas passages leading to the stack are under suction. Air pressures neces- 
sary to overcome the resistance of the fuel bed and stoker vary from a 
fraction to 8 in. depending primarily upon the nature of the fuel, design 
of stoker, and rate of driving. 

Forced-draft traveling-grate stokers are generally furnished with air 
from a unit-fan system with ducts leading to the various pressure com- 
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partments, though a central fan system with a main duct leading to the 
individual boilers is not uncommon, particularly in the smaller plants. 
The Illinois forced-draft traveling-grate stoker is frequently equipped with 
a number of small Coppus Turbo-vane blowers, one blower for each 
compartment. 

Figure 222 shows the application of a forced-draft fan to the air-pre- 
heater equipment at the Colfax Station of the Duquesne Light Co., Pitts- 
burgh, Pa. The connection be- 
tween the common forced-draft 
duct and windbox normally sup- 
plying the boilers has been re- 
tained, but it is cut off by means 
of a shut-off damper when the 
preheater system is in operation. 
The air is taken into the pre- 
heater from the boiler room di- 
rectly over the boiler, as in- 
dicated, carried down the duct 
by the fan, and discharged into 
the stoker wind box by means 
of two ducts extending on either 
side of the boiler. 

In marine practice, forced draft 
is ’commonly furnished on either 
the closed stokehold or the 
Howden system. In the former 
the boiler room is entirely closed 
and provided with air locks for 
the passage of the boiler-room 
crew. The fans discharge di- 
rectly into the boiler room and 
maintain a static pressure of from 3/4 to 3 in. of water. In the Howden 
system, the air in the stokehold is at the same pressure as the outside air, 
but the ashpits are sealed. Most of the air, preheated by the flue gases, 
is delivered to the ashpits under pressure of 1 to 3 in. of water, but a small 
amount is admitted above the fires. 

In the induced-draft system, the suction side of the fan is connected 
with the uptake or breeching of the boiler or batteries of boilers, and the 
products of combustion pass through the body of the fan. The action of 
the induced system is identical with that of a stack of equivalent capacity. 

Induced draft is generally necessary in connection with economizers or 
flue-gas air-preheaters, because the high frictional resistance of these ap- 



with Air-preheater. — Colfax Station. 
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pUances and the low temperature of the waste gases effected by the heat 
transmission require an excessive height of stack. Induced-draft fans 
are also installed in connection with forced-draft blowers where there are 



Fig. 223. Induced-draft Equipment for One Group of Boilers. Hell Gate Station. 



tiG. 224. Induced Draft for Waste-heat Boiler Equipment. 


no economizers or air-preheaters, but where the pressure drop from furnace 
to uptake is very high at peak loads. For example, in the Hell Gate 
power house of the United Electric Light and Power Company, induced 
draft is used in connection with a stack 258 ft. high, and there are no 
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economizers. Each group of six boilers has a single stack and breeching, 
Fig. 223. Cinder-catching compartments are installed in each uptake. 
In each of these, the gases rising from the uptake are sharply deflected by a 
baffle, so that the cinders are thrown into a tank of water. The induced- 
draft motors are started by hand but are thereafter automatically regulated 
by balanced-draft control. Provision is made to by-pass the flue gases 
around the induced-draft fans inasmuch as these fans are needed only at 
peak loads. 

Figure 224 shows the application of an induced-draft fan to a Kidwell 

boiler setting for utilizing waste heat from 
cement kilns. 

Induced-draft fans operate with much 
higher gas velocities than forced-draft 
fans, at times reaching 60 ft. per sec. At 
these high velocities, cinders and other 
suspended earthy matter produce a decided 
erosive action. Specially designed fans 
for ejecting the cinders are found in the 
latest power house designs. See Fig. 225. 
Bearings are also water-cooled to prevent 
the lubrication from being burned out 
by the heat conducted from the gases to 
the journals. 

It is not generally appreciated that more 
power is required to create the draft from 
the hot than from the cold end, although 
the weight of gas and the pressure head 
is the same. An inspection of equation 
(117) will show that the horsepower is 
a direct function of the volume of gases 
discharged, and, since the volume of the 
flue gas is approximately twice that of 
.the entering air in the average plant, 
the power required by the induced- 
draft fan will be about twice that absorbed by the forced-draft fan. The 
temperature increase of the flue gas by the fan compression will be nearly 
twice that of the cold air for the same pressure range, thus accounting for 
the apparent anomaly between horsepower as calculated on the weight 
and on the volume basis. 

The Ellis and Eaves system is an application of induced draft in which 
the air for combustion is preheated by the waste gases before passing 
through the furnace. The boiler and setting is entirely closed, so that the 



Fig. 225. Sturtevant Combined 
Induced-draft Fan and Cinder 
Eliminator. 
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suction of the induced draft draws the cold air through the preheater and 
the products of combustion, in series, through the combustion chamber, 
boiler tubes, and uptake before discharging them to waste. This system 
is used chiefly in marine practice. 

In the Prat system, induced draft is effected in connection with an 
evase or Venturi stack (1) by introducing a blast of atmospheric air from 
a low-pressure blower just below the throat of the stack, or (2) by passing 
a small amount of the chimney gas through an induced-draft fan and 
discharging it into the throat. The evas6 stack is of light sheet-iron con- 
struction, comparatively short, and shaped as shown in Figs. 226 and 227. 




Fig. 226. Evas4 Stack. Fig. 227a. Prat-Daniel Con- 
Outer Circuit (Capacity vergent-Divergent Stack. 
6000 lb. coal per hr.). 



Inner Circuit. 


The suction draft is created by the ejector action of the jet in being 
discharged through the narrow section of throat of the stack. This sys- 
tem is finding favor with European engineers, but has not yet been intro- 
duced to any extent in the United States. The arrangement shown in 
Fig. 227 necessitates the use of higher air pressures and requires more power 
for a given suction pressure and capacity than does that shown in Fig. 226. 
In the cold-air system, the static pressure of the blower is approximately 
eight times the draft-pressure requirements in the breeching. A notable 
installation of the Prat system is at the Fulton St. Heating Plant, Grand 
Rapids, Mich. For a description of this plant, together with guaranteed 
performance of the stacks and fans, consult Power, July 8, 1924, p. 46. 
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A modification of the Prat system commercially known as the Prat- 
Daniel Convergent-Divergent Stack has been recently introduced into 
this country. In this design, Fig. 227a, the fan, fan casing and ejector are 
placed within the stack itself, thus avoiding draft losses due to change in 
direction of flow and at the same time adhering to the diffusor principle 
which prevents the loss due to change in velocity from that at the fan 
outlet to that in the cylindrical stack. 

The Stream Line Stack: Power, May 19, 1925, p. 778. 

Tests on Stream lAne Stacks: Power Plant Engrg., Oct. 26, 1926. 

Venturi Stacks: Combustion, Apr. 1922, p. 166-175. 

Tall chimneys are a necessity in most cities, since legislation recpiircs 
the gases to be discharged at a height above that of adjacent buildings. 
In such situations, with stokers of the forced-draft type, tall stacks or 
induced draft would at first thought appear to be a necessary evil. Ex- 
perience, however, shows that suction draft is an important factor in 

effecting efficient com- 
bustion and in prolonging 
the life of the furnace 
brickwork. By mutually 
adjusting the pressure 
created by the forced- 
draft apparatus and the 
suction of the chimney 
or its equivalent, a neu- 
tral or balanced effect 
can be produced in 
the combustion chamber; 
that is, the pressure in 
r-^-f the combustion cham- 

Fia. 228. Pressure Drop through ' Boilers. — Com- becomes practically 
bined Forced-draft and Chimney. atmospheric. The rela- 

tive pressure drops are 
shown graphically in Fig. 228. This condition of positive pressure under 
the fire bed, zero or preferably a slight suction pressure in the com- 
bustion chamber, and a suction pressure throughout the rest of the 
setting (1) prevents discharge of the furnace gases into boiler room 
through leaky fire doors, inspection doors, and cracked setting; (2) 
minimizes stratification and short-circuiting of the air supply and com- 
bustible gases; (3) reduces the soaking up ” action of heat by the 
furnace brickwork; (4) assists reduction of air excess; and (5) effects 
an increase in overall boiler, jfumace, and grate efficiency. Most 
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of our modem central stations are operating with practically balanced- 
draft conditions. In these plants the stoker speed, fan speed, and stack 
damper are automatically controlled so as to effect the desired result. 

In a number of ultra-modern central stations, the chimneys are 250 ft. 
high or over, and are served with both forced- and induced-draft fans. 
The induced-draft fan gives a maximum suction in the uptake of 2 in. or 
more of water pressure, and the forced-draft equipment is capable of 
maintaining a static pressure of 10 in. of water under the grates. After 
the gases have passed from the boiler, this may be discharged directly into 
the stack, or, by closing proper dampers in the breeching, can be made to 
pass through the economizer and them to the stack; by closing a second 
damper, the gases arc made to pass through the induced-draft fans before 
going to the stack. This makes it possible to operate the boilers under 
the most economical conditions at all times. 

Forced Draft (Serial): Steam Power, May to Nov., 1923. 

Mechanical Draft: Power Plant Engrg., Oct. 1, 1922, p. 939. 

156. Types of Fans. — The large majority of centrifugal fans for mechan- 
ical draft may be divided in two general classes: those having rotors with 
a few straight or slightly curved blades of considerable length radially, 
Fig. 229, commonly designated as steel-plate or paddle-wheel fans, and 
those having rotors with a number of short curved blades^ Figs. 230-232, 



Fig. 229. Standard Steel- 
plate Fan Wheel. 



Turbine Type Impeller. noidal Fan Wheel. 


generally known as multi-vane fans. The former are primarily intended 
for slow-speed drives and the latter for direct connection to high-speed 
motors or steam turbines. The blast wheel of the steel-plate fan has 5 
to 12 radial blades, depending upon the size of the fan. The blades are 
of heavy steel plate riveted to cast-steel or structural-steel spider arms. 
The housing is involute in form and made of heavy steel plates, the scroll 
being of such proportions that the velocity is gradually reduced without 
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Pig. 232. High-speed, Multi- 
vane Fan Wheel. 


loss or shock. The inlet cone is designed to give a gradual increase of 
velocity with a minimum loss. The blast wheel of the multi-vane fan 
has 20 to 60 short pressed-steel blades riveted to the back and front 
plates as shown in Fig. 230. For high velocities, in order to withstand the 
centrifugal stresses, the blades are frequently split up and reinforced by 

annular stiffening rings, as illustrated in Fig. 
232. The multi-vane fan has practically sup- 
planted the steel-plate type in the large modem 
power house, because of its compactness for 
a given capacity. The tendency toward high 
rotative speed in mechanical-draft apparatus 
is evidenced by the helicoidal impeller-type of 
runner manufactured by the Rateau Battu 
Smoot Company. In one design the impellers 
are 18 in. in diameter and operate at 5000 
r.p.m., giving a tip speed of 23,500 ft. per min., 
and a corresponding static pressure of 7 in. of water when delivering 30,000 
cu. ft. of free air per min. Fans may also be classified with respect to the 
direction of the blade at 
the periphery, as: (1) the 
forward curve, (2) the 
radial tip, (3) the partial 
backward curve, and (4) 
the full backward curve. 

Each shape influences 
the relation between pres- 
sure, efficiency, power re- 
quirements, speed, and 
capacity, and controls the 
selection for a given set 
of operating conditions. 

The housings for the 
rotor may be arranged 
for top or bottom hori- 
zontal discharge, up or down blast, or any other position depending upon 
the arrangement of the draft system. 

" Figure 233 shows a section through a Coppus turbine-driven Vano ” 
blower which differs considerably from the types previously described 
both in principle and in operation. The blower is a screw-blade propeller 
so designed that the air leaves the blades in the same direction as it enters. 
The air leaving the propeller is forced through guide-vane blades which 
have a curvature increasing in the direction of rotation of the propeller, 



Fig. 233. 


Sectional View of Turbine-driven 
^^Vano” Blower. 
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and which, in conjunction with a diffusing cone, convert a considerable 
part of the velocity pressure to static. The particular blower illustrated 
is driven by a small self-contained steam turbine, but direct-connected 
motors may be used in place of the turbines. Vano blowers operate 
against pressures up to 8 in. of water, and the manufacturers claim effi- 
ciencies up to 80 per cent with practically no variation in power consump- 
tion at constant speed for variations in air delivery or pressure. See 
Fig. 241. 

157. Elementary Theory of Fans. — The advent of the underfeed stoker, 
calling for large volumes at higher pressures than had been previously re- 
quired from fans, necessitated stronger and iieavicr construction for slow- 
speed engine drives and basically new designs for high-speed motor and 
turbine drives. The fundamental theory of air flow is the same for all 
types of centrifugal blowers, but the actual performance is dependent upon 
so many variables involving constructive details that general rules for 
design are without purpose. The development of a particular type of fan 
is largely a matter of experiment, and the design of blade shapes, blade 
angles, and the like is based primarily upon the results of these tests. 
Because of the vast amount of data involved, no attempt will be made to 
analyze the problem of design, and only such elementary theory will be 
discussed as is necessary for a clear understanding of the principles of 
operation. 

Pressure, — The main object of a forced-draft fan in a bulk-fuel-fired 
plant is to force air through the fuel bed in quantities sufficient for com- 
bustion and under pressures high enough to overcome the various frictional 
resistances. In forced-draft powdered-fuel-burning plants, the fuel is 
carried in suspension in the combustion air, but, because of the frictional 
resistances in the burner equipment and the high velocity of the jet, high 
initial static pressures are frequently necessary. Similarly, the induced- 
draft fan must be capable of maintaining a slight suction over the fire 
under all conditions of load. Air or gas in motion in a conveying system 
has three distinct pressures, namely, velocity, static, and dynamic. 
Velocity pressure, as the name implies, is the head required to impart 
motion to the fluid; static pressure is the head required to overcome the 
resistance offered to the flow; and dynamic pressure is the sum of the 
static and velocity heads. Since the resistance to flow is large in average 
mechanical-draft practice, it is evident that the greater the static pressure 
developed at the fan outlet in proportion to the velocity pressure, the 
more effective will be the performance of the fan. 

If the delivery or suction pipe of a fan is sealed against flow, there can be 
but one pressure, namely, static. Referring to Fig. 234 “ A represents 
a manometer-equipped Pitot tube inserted in the suction or discharge 
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, ^ <A) (B) 

Onflce Wide Open 

Fig. 235 


conduit of a centrifugal fan so as to face the current, and JS is a ma- 
nometer attached to an opening in the wall of the casing. For accurate 
determinations manometer B ” is attached to a piezometer ring. 
receives the full impulse of the stream and the manometer indicates the 
total or dynamic pressure, while ” registers the static pressure only. 
With the pipe sealed against discharge, resistance to flow is a maximum, 
there is no flow and the liquid depression in both manometers is the same; 

therefore, the static and 

n A • 

I dynamic pressures are 

M equal, or, what amounts 

teJJ (*) I r — ' J J ' (A) ' ' I thing, there 

Qriac.^.?' /) Orifice Wide Ope. IS Only static pressure in 

^ ^ the conduit. If the con- 

Fig. 234 Fig. 235 , . j x u 

duit is opened to its maxi- 
mum and there are no frictional resistances, the static pressure indicated 
by manometer “ B,^* Fig. 235, becomes zero while that in “ A ” stands 
at a height equivalent to the full impulse of the stream, that is, there 
is only velocity pressure in the conduit. The liquid depression in 
manometer ** is a, measure of the velocity of the air at the point 
where the mouth of the Pitot tube is located. Since the velocity is 
greater, at the center than near the walls of the conduit, it is necessary 
to take a large number of readings at various points in order to 
obtain the average velocity. The velocity of air at a given density which 
will give a manometer depression of one 

inch of water is known as the velocity [nl 0 [rj]^ 

constant of air at that density. ^ J | ^ | ^ j 

If the flow is restricted as by throttling, (a) ^ (b) — 

there is a depression in both manometers, orifice paruydos^ 

Fig. 236, that is, there is both velocity 230 

and static pressure in the conduit. The 

difference between the depressions in A and B ” is the head due to 
velocity. By connecting the two manometers as outlined in Fig. 236 (C), 
the velocity pressure is given directly. 

Pressure resulting from a current of air or gas flowing at a velocity cor- 
responding to that of the tip of the blades is designated by fan builders as 
peripheral-velocity pressure. 

In any centrifugal fan, the pressure is the resultant of centrifugal 
force due to the rotation of the air within the wheel and the kinetic 
energy contained in the air by virtue of its velocity upon leaving the 
tips of the vanes or blades. In mechanical-draft practice, the kinetic 
energy of the air leaving the periphery must be converted largely into 
.potential energy in the form of static pressure before being serviceable. 


(A) jn 

Orifice partly closed 

Fig. 236 
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This conversion is ordinarily effected in the scroll formation of the 
fan housing. 

The lowest pressure required of a forced-draft fan is usually about 2 in. 
static pressure, which occurs in hand-fired practice, and the highest draft 
necessary at 300 to 400 per cent of boiler rating is approximately 7 in. 
static pressure, where underfeed stokers are used. Static pressures for 
induced-draft fans range from 1.5 in. to 7 in. depending upon the resistances 
to be overcome and the temperature of the flue gases. 

For a given fan-piping system and air density, the pressure developed 
varies as the square of the speed, but because of the numerous factors 
involved, such as blade shapes, blade angles, housing designs, capacity, 
and the like, exact values cannot be expressed by simple mathematical 
equations and recourse must bo had to characteristic curves plotted from 
actual tests. (See paragraph 158.) 

Velocity and Pressure. — In all centrifugal fans, the velocity of the air 
leaving the blades bears a definite relation to the peripheral velocity 
of the fan wheel. This relationship is greatly influenced by the design of 
the blading, as will be seen from an inspection of Fig. 237. The line u 



Fig. 237 


represents the peripheral velocity in direction and amount; r the velocity 
due to centrifugal force of the air, and v the resultant velocity with respect 
to the fan casing. It will be seen that with the radial and bent-forward 
blade the resultant is greater than the peripheral velocity, while with the 
blades bent backward the resultant velocity is less. By changing the direc- 
tion of curvature a wide range in resultant velocities is possible. The 
velocity of the air leaving the tips of the blades is greatly in excess of that 
ordinarily required in mechanical-draft systems. By enclosing the wheel 
in a casing having a properly designed scroll, part of the velocity pressure 
is converted to static. The velocity at the outlet of the average fan at 
rated capacity is approximately one-half the peripheral velocity. For 
ordinary fan work, where the air or gas is but slightly compressed, the 
relationship between pressure and velocity is substantially 


V = y/^h 


( 112 ) 
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in 'which 

V = velocity of flow, ft. per sec., 

g = acceleration of gravity, 32.2 (approx.), 
h = head of gas causing flow, ft. 

By converting “ A in feet of gas to the equivalent pressure in inches of 
water, and considering time in minutes instead of seconds, equation (112) 
may be expressed 

V = C VpTd (113) 

in which 

V = velocity, ft, per min., 

C = constant = 1096, 

p = pressure drop producing velocity, in. of water at 62 deg. fahr., 
d = density of the gas, lb. per cu. ft. 

For standard conditions, dry air at 70 deg. fahr., barometer 29.92 in., 
relative humidity 70 per cent, d = 0.07465* hence 

V — K Vp = 4011 Vp (114) 

Where quietness of operation is necessary, the velocity in the ducts should 
be limited to 2000 ft. per min., but where this is not essential, velocities as 
high as 5000 ft. per min. may be used. This refers only to cold-air systems. 
For hot gases, as in connection with induced-draft fans, the velocity may 
be practically doubled. The friction losses increase rapidly with the 
velocity, so that the usual compromise must be made between size and 
velocity; otherwise, the pressure drops become excessive. 

Capacity, — For a given fan size, piping system, and air density, the 
capacity, Q, varies directly as the velocity and hence as the speed of the 
fan, thus, 

Q^vA (115) 


in which 

Q = volume, cu. ft. per min., 

V = velocity, ft. per min., 

A = area of the conduit, sq. ft. 

Since the velocity varies as the square root of the pressure drop 

KA Vi, (116) 

* A.S.H.V.E. and N.F.A. Code. A.S.M.B. Code recommends 68 degrees tempera- 
ture and density of 0.075. 
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in which 

K = coefficient determined by experiment; other notations as in equar 
tions (113) and (115). 

Horsepower. — The horsepower required to operate a fan varies directly 
with the capacity and the total or dynamic pressure, thus: 

_ 5.2 QXPd nnnm^7<? X m7\ 

SSfiOOXE ~E~ 

in which 

E = total efficiency of the blower, 

Pd = dynamic pressure, in. of water. 

Combining equations (116) and (117) and reducing, remembering that for 
constant orifice conditions and at known air density the velocity pressure 
bears a definite relation to the peripheral velocity, we have 

Hp. = Bp^ (118) 

in which 

B = coefficient involving all constants and reduction factors. 

Equation (118) shows that the horsepower varies as the cube of the square 
root of the pressure. 

Since the capacity is directly proportionate to the peripheral velocity 
or fan speed, and the pressure developed varies directly as the square of 
the speed, it follows that the horsepower varies as the cube of the speed, 
thus: 

Hp, = MN\ (119) 

in which 

M = coefficient involving all constant and reduction factors, 

N = speed of the fan, r.p.m. 

The marked increase in power for even a moderate increase in speed 
should be borne in mind in selecting a fan. It is, as a rule, more economical 
to err in selecting too large a fan than one which must be forced above its 
rated speed. The capacity varies directly with the speed; therefore, the 
horsepower also varies with the cube of the capacity. 

Equations (115) to (119) are based on the assumption that the resistance 
is constant. In underfeed-stoker practice the resistance is not constant, 
and therefore the fans do not follow these laws. The dotted curves in 
Pig. 238 show the relation between volume and pressure in accordance 
with the constant-resistance law, while the full-line curves show the actual 
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relationship for a specific case. Figure 239 shows the relation between 
draft pressure and rate of driving for an underfecd-stoker equipment in 
which there is a decided falling off in pressure requirements at the higher 
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Fig. 238. Relation of Volume and Pressure of Air to Fan Speed. 

ratings. This is due to the extreme agitation of the fuel bed at heavy 
loads. Table 41 shows the influence of the solid constituents on the 
resistance through fuel bed and grate with underfeed stokers. 

. Manometric Efficiency. — This efficiency is the ratio of the dynamic 

7 head as actually observed to the maxi- 

Q mum theoretical dynamic head, or 

1 5 -Eman = hi H == gh/u^ (120) 

1 4 in which 

1 3 J- A = actual dynamic head, ft. of 

g ! fluid, 

I ^ f 9ooW.^ iin|Boii«^^ ' g = acceleration of gravity = 32.2, 
* 1 u = tip speed, ft. per sec. 


ol 1 ! 1 1 — I Volumetric Eficiency, — This is 

100 160 200 2W 800 360 400 ^ ^ 

Per Cent of Rated BoDer Load really Hot an efficiency and might 

Fig. 239. Curve Showing Pressure better be called volumetric capacity. 
Drop through Fuel Bed. Underfeed ^ ^ ^ 

otoker. . . . . 

air passmg in a given time divided 

by the impeller displacement for the same period, or 


100 160 200 260 800 350 400 

Per Cent of Rated Boiler Load 


“ 4Q/irD^NB 
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in which 

Q = volume discharge, cu. ft. per min., 

D = diameter of the impeller, ft., 

B = width of the impeller, ft., 

N = r.p.m. . 

Mechanical efficiency (Standard Code of Fan Testing, A.S.H.V. and 
N.A.F.M.) is the ratio of the total work done by the fan in moving the air 
to the hp. input of the fan, or 

i5?mec. = QA -5- Hi X 33,000 (122) 

in which 

Q = weight discharged, lb. per min., 

A = dynamic head, ft. of air. 

Hi = hp. input. 

Two efficiencies are sometimes given, (1) that based on the dynamic 
head as in equation (122) and (2) that based on the static head. The 
former is more generally used. According to the Standard Code of Fan 
Testing as recommended by the joint committee of the American Society 
of Heating and Ventilating Engineers and the National Association of 
Fan Manufacturers, the friction head of ducts shall be determined from the 
following rules: 

For round ducts, / = 0,0257 Lh/D (123) 

For square or rectangular ducts,/ = 0.01285Z/ft (a + 6) -5- ab (124) 

in which 

/ = pressure drop due to friction, in. of water, 

L = distance from fan outlet to point in duct where measurements are 
made, ft., 

D = diameter of the duct, ft., 
a = long side of the duct, ft., 
b = short side of the duct, ft., 
h = velocity pressure, in. of water. 

The factor for elbows is difficult to determine with any degree of accuracy, 
but for rough approximations the pressure drop for one right-angle bend 
may be taken as that due to a duct 10 diameters in length. 

Standard Code for the Testing of Centrifugal and Disc Fans: Jour. Am. Soc. H. & V. 
Engrs., May, 1923, p. 371. 

Application of Dimensional Analysis to Centrifugal Fans: Mech. Engrg., Sept., 1927, 
p. 1004. 
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PiM Tube for Gas Measurement: W. C. Rowse^ Trans. A.S.M.E., Vol. 35, 1913, p. 333. 
The Impact Tube: S. A. Moss. Trans. A.S.M.E., Vol. 39, 1916, p. 761. 

Some Development in Centrifugal Fan Design: National Engr., Jan., 1922, p. 6. 

158. Performance of Fans. — There are so many different types of fans 
on the market, and the variable factors involved in their operation are so 
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Fig. 240. Performance of Stoker Fan. (Constant Speed.) 

numerous, that attempts to analyze performance mathematically are 
without purpose. For this reason, fan manufacturers furnish capacity 
tables and characteristic curves, based on actual tests, which give the 
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Two sets of capacity tables are to be had from manufacturers, viz., 
rated capacity, Table 53, and variable capacity, Table 54. The former 
gives the capacity, speed, and hp. of the different fans for various static 
and total pressures when operating at whal is approximately the highest 





— r 

Static PresBuye 
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, Capacity in Thousands of Cn. Ft. per Min. 

Fig. 242. Performance of Stoker Fan. (Constant Static Pressure.) 

efficiency. The variable capacity tables give the performance of each 
size of fan on either side of the condition for maximum efficiency. 

Characteristic curves are graphical charts visualizing the relationship 
between capacity, speed, pressures, horsepower, and efficiency. They 
are plotted in a variety of forms, a few of which will bo briefly discussed. 



86 45 65 66 76 85 95 106 115 126 186 145 156 166 175 185 196 266 

Per Cent of Rated Capacity 

Fig. 243. Performance of Steel-plate Fan. Standard Characteristic Curves. 

Figures 240-242 give the actual test results of a specific type and size of 
fan under variable conditions of speed, static pressure, and capacity. 
These curves are readily interpreted because the various quantities may 
be read directly from the chart. They are limited, however, to the per- 
formance of the particular size of fan tested. The characteristics for all 
sizes of any given design of fan are practically the same; therefore, if the 
coordinates are expressed in terms of percentages of the performance 
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at rated capacity, one set of curves will suffice for all sizes. This method 
of representing the curves is recommended by the Joint Committee of the 
American Society of Heating and Ventilating Engineers and the National 

TABLE 53 

TYPICAL BATED CAPACITY '' TABLE 
CAPACITIES OF FORCED-DRAFT FANS 

Green Radial Flow ” 


(Multi-vane Ts^pe) 


Diam. 

Perform- 

static Pressure at Fan Discharge, In. of Water 

Yvnooi 

In. 

ance 

1 

2 

3 

4 

5 

6 

7 

20} 

Cu. Ft. 
R.p.m. 
Br.hp. 


4,000 

1,216 

1.77 

5,200 

1,505 

3.49 

6,000 

1,738 

5.36 

6,400 

1,927 

7.15 

7,200 

2,122 

9.65 

7,600 

2,280 

11.85 

24 

Cu. Ft. 
R.p.m. 
Br.hp. 

4,000 

741 

0.87 

5,500 

1,043 

2.47 

7,000 

1,284 

4.69 

8,000 

1,481 

7.15 

9,000 

1,658 

10.0 

9,500 

1,805 

12.8 

10,500 

1,951 

16.4 

27} 

Cu. Ft. 
R.p.m. 
Br.hp. 

5,600 

648 

1.22 

7,700 

913 

3.41 

9,100 

1,110 

6.11 

10,500 

1,280 

9.39 


12,600 

1,563 

17.6. 

14,000 

1,696 

21.9 

32} 

Cu. Ft. 
R.p.m. 
Br.hp. 

7,200 

550 

1.57 

9,900 

776 

4.41 

12,600 

955 

8.46 

14,400 

1,102 

12.9 

16,200 

1,232 

18.1 

17,100 

1,342 

22.9 

18,900 

1,456 

29.5 

CO 

Cu. Ft. 
R.p.m. 
Br.hp. 

10,000 

478 

2.18 

13,750 

671 

6.13 

16,250 

816 

10.9 

18,750 

944 

16.8 

21,250 

1,055 

23.8 

23,750 

1,161 

31.8 

25,000 

1,248 

39.0 

43 

Cu. Ft. 
R.p.m. 
Br.hp. 

13,500 

416 

2.97 

18,000 

583 

8.06 

22,500 

714 

15.1 

25,500 

821 

22.8 

28,500 

917 

31.9 

31,500 

1,007 

42.3 

33,000 

1,083 

51.6 

50 

Cu. Ft. 
R.p.m. 
Br.hp. 

18,000 

354 

3.96 

24,000 

495 

10.7 

30,000 

609 

20.1 

36,000 

707 

32.3 

38,000 i 
782 
42.5 

42,000 

859 

56.3 

46,000 

930 

71.9 

58 

Cu. Ft. 
R.p.m. 
Br.hp. 

22,000 

301 

4.86 

34,000 

433 

15.2 

40,000 

525 

26.9 

46,000 

606 

41.3 

52,000 

678 

58.0 

58,000 

746 

77.8 

61,000 

803 

95.9 

67i 

Cu. Ft. 
R.p.m. 
Br.hp. 

30,000 

260 

6.57 

46,000 

372 

20.5 

54,000 

452 

36.1 

62,000 

521 

55.6 

70,000 

583 

78.1 

78,000 

641 

104 

82,000 

689 

12.8 

78 

Cu. Ft. 
R.p.m. 
Br.hp. 

45,000 

228 

10.2 

60,000 

319 

26.8 

75,000 

391 

50.2 

85,000 

451 

76.0 

95,000 

504 

107 

105,000 

553 

141 

110,000 

594 

172 

90} 

Cu. Ft. 
R.p.m. 
Br.hp. 

57,500 

194 

12.7 


102,'feOO 

337 

68.5 

117,500 

389 

105 

125,000 

431 

140 

140,000 

474 

187 

155,000 

515 

242 


Cu. Ft. per Min. at 70 deg. fahr. and at point of maximum efficiency. 
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Association of Fan Makers. Figures 243 and 244 are illustrative of this 
class. Referring to Fig. 243, if the fan is operated at, say, 70 per cent of 
rated capacity, the horsepower, dynamic pressure, static pressure, and 
efficiency will be 60, 103, 107, and 98 per cent, respectively, of that at rated 
capacity. 

In calculating the performance of fans of the same design and similar 
proportions, but of other sizes and at other speeds, the following law 
applies: Up to and within 11/2 lb. per sq. in. pressure difference, and at 
the same peripheral speed and discharge conditions, the delivery varies 
as the square of the diameter of the wheel, or, for different speeds, the 
delivery varies as the cube of the diameter times the number of r.p.m. 

In correcting the readings of a given fan for constant discharge condi- 
tions, the following law applies: Capacity varies directly as the speed; 
pressures as the square of the speed; and horsepower as the speed cubed. 

TABLE 54 

TYPICAL VARIABLE CAPACITY TABLE 
Performance of Buffalo Forge Co.’s No. 6 Duplex Conoidal (T 3 T)e DDH) 


U h 
It 

I-? :? 


Static Pressure, In. of Water. Barometer 29.92, Tempeiature 70 Deg. Fahr. 
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159. Selection of Type and Size of Fan. — The inhuencing factors in 
the choice of a fan for mechanical-draft purposes are primarily the volume 
of air or gas to be handled, static pressure necessary to overcome the 
frictional resistance of the system, and the horsepower to drive the fan. 
Other factors which may be of equal or even greater importance are 
reliability, successful parallel operation, high static efficiency, and a re- 
serve of pressure for variation in load. Air and draft pressure require- 
ments at various loads may be approximated, as outlined in previous 
chapters. The next step is to select from fan-capacity tables the different 
sizes and types of fans which will deliver the desired maximum volume of 
air at the required maximum static pressure. Care must be taken to 
include in the static pressure the various drops due to the resistances of the 
air ducts. It will be noted that several types and sizes of fans will give 
the required volumes and pressures. The list may be greatly reduced by 
eliminating the sizes which range beyond the desired speed and for which 
the power requirements are excessively high. Thus, for low rotative 
speeds, the steel-plate fan will probably be the best investment, and for 
high speeds some type of multi-vane blower is to be preferred. Since the* 
horsepower for a given capacity and static head runs up rapidly with thc‘ 
speed, the size consuming the least power for the average boiler load is to 
be given preference to the others, though first cost must also be considered. 

The next step is to obtain from the manufacturer characteristic curves 
or variable capacity tables for the particular types selected, and compare 
the static pressures at various capacities of the fan with the calculated 
pressures and volume requirements. For a constant speed drive, the curves 
will be of the form shown in Fig. 240, and for variable speed on the order 
of those shown in Fig. 242. Considering the different characteristics in 
order of the curvature of the blade tip, viz., full-forward, radial, partial- 
backward, and full-backward, we have: 

Full-forward Tip. — This is virtually a velocity fan, since the rotational 
component of the air velocity leaving the wheel is actually higher than the 
rotational speed of the wheel itself. This feature is of advantage where 
very high outlet velocity is required and noise is not objectionable. It 
has the slowest tip speed, for a given pressure, of any type. The rising 
pressure curve (a) of Fig. 244 from full maximum to the load correspond- 
ing to maximum efficiency is desirable in that the pressure builds up with- 
out change in speed should the volume of air decrease, as when the resistance 
through the fuel bed is increased by clinker formation. The flat or droop- 
ing pressure*curve, between the point of maximuifi efficiency and practi- 
cally zero capacity, is undesirable for parallel operation, since there is no 
assurance that one of the fans will not lie down ” if the flow of air to the 
inlet of the two fans is not equally unobstructed. Furthermore, any 



MECHANICAL DRAFT 


367 


change in relative speed will increase the unbalancing effect. The upward 
hp. curve with increase in capacity represents a constant danger of over- 
load on the driving motor, necessitating an oversized drive to take care of 
the maximum requirements. Because of the undesirable characteristics, 
the full-forward tip fan is little used for forced-draft service. Where both 
forced- and induced-draft fans are used, the resistances for the induced- 
draft fan are practically constant; the exact form of the pressure charac- 
teristic for the latter 

is therefore unimpor- / 

tant and the speed I iso t-rr* — tt ; — ttt — 

element becomes the « -Per cent of Rated Horsepower y 

deciding factor. High- sTj 7 ^ 

speed induced-draft J 130 ^ / — 

fans are undesirable S 
because the passages | 

between the blades are ./^ 

small and a deposit of S // e 

soot or dust impairs 

the efficiency and ca- § ^ 

pacity. Therefore, if S s\ 

the multiblade high- ^ so 

speed type is selected I 

for this service, the | 1 IV N. 

forwardly inclined tip ^ 

offers the advantage of ^ 

maximum pressure at ^ Forward curve Radial Tip Blade Partial Backwai ^ 

the lowest peripheral ^ v 

speed. Induced-draft V 

fans in many of the so- ® & X 

ultra-modern power ^ 1 (<0 j ^ i (e) | n.F.pwrej^ce 

stations are of the for- ^50 eo 70 so 90 100 110 120 lao wo iw 

, Per Cent of Rated Volume 

wardly inclined type. jrjQ 244. Fan Characteristics at Constant Speeds. 
Radial Tip. — The 

pressure characteristics of this type, Fig. 244 (6), show that the tendency 
is toward maintaining constant pressure over a wide range in capacity. 
The flat portion of the curve makes the fan very sensitive to resistance 
variation, and, if used at a capacity corresponding to this portion of the 
curve, may cause the fan to run under or over the estimated capacity. 
This rising hp, curve is also undesirable. 

Full-backward Tip. — In this design. Fig. 244 (e), the pressme curve 
rises with decrease in capacity from the maximum capacity obtainable to 
zero, which enables the fan without change of speed to overcome any 
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Fig. 244. Fan Characteristics at Constant Speeds. 
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variation in resistance of the fuel bed. This rising characteristic also 
permits of perfect parallel operation. It will be noted that the hp. curve 
rises slowly to a certain capacity and then drops oflf. This self-limitation 
in power requirements is ideal for motor drive, since there is no danger 
from overloading. The efficiency is high and the fan has the highest tip 
speed, for a given pressme, of any type. These characteristics are all 
favorable for high-speed forced-draft service and the majority of the 
modern installations are equipped with fans of this type. 

PaHial'-backward Tip, — This is an intermediate design between the 
full-forward and full-backward type. The blades are curved forward at 
the heel to meet the incoming air and backward at the tip to discharge 
it. Fig. 244 (c). By changing the inclination and curvature of the blades, 
practically any characteristic from that of the full-forward to that of the 
full-backward design is obtainable. The pressure characteristic for the 
particular design shown in Fig. 244 (c) is favorable for forced-draft service, 
but the hp. characteristic is not self-limiting. The self-limiting hp. feature, 
however, may be developed by properly proportioning the vanes. With 
variable-speed drive and automatic control, the self-limiting power curve 
is of secondary importance. 

Steelrplaie Fans. — The pressure and power characteristics of the steel- 
plate or few-bladed paddle-wheel fans. Fig. 244 (d), are practically identical 
with those of the double-curved blades illustrated in Fig. 244 (c). The 
pressure curves are suitable for forced- or induced-draft, but the hp. curve 
is not self-limiting. Steel-plate fans are inherently slow-speed devices 
and are usually installed where the driving units are steam engines. The 
slow-speed feature is desirable in induced-draft installations where cinders 
must be handled. 

Where the character of the station load curve is known or where it can 
be approximated with a fair degree of accuracy, it is not a difficult matter 
to select a size and type of fan which conforms with the station require- 
ments; but such knowledge is ordinarily the exception and the choice is 
dependent largely upon experience. 

Plotting Blower Test Curves: A. H. Anderson, Trans. A.S.M.E., Vol. 39, 1917, p. 793. 

IIMI. Mechanical-draft Fan Drives. — While a large number of forced- 
and induced-draft fans in the older plants are of the slow-speed paddle- 
wheel types, driven by small vertical engines, and many of the modern 
plants employing high-speed multi-vane fans are equipped with direct 
connected or geared turbines, the modem tendency is toward motor drive. 
Induction motors of the slip-ring type are the more common in the latest 
designed plants, but several plants are equipped with variable-speed 
direct-current and variable-speed alternating-current motors with brush- 
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shifting mechanisms. Automatic control is commonly used with steam- 
turbine drives and hand control with motors, though automatic-motor 
control is finding favor with many engineers. Alternating-current motors 
of the induction type seem to be preferred for induced-draft fans. Vari- 
able-speed direct-current motors are also used for induced-draft service. 
Practice is divided between the use of individual fans for each boiler and 
the common duct with several fans discharging into it. Some idea of 
current practice in the selection of a fan drive may be gained from 
the data in Table 55. 


TABLE 55 

PAN DRIVES IN TTPICAIi CENTRAL STATIONS 


Station 

Forcetl Draft 

Induced Draft 

Cahokia 

2300-volt, a.c. constant speed 
440-volt induction motor 

Geared turbine 

Induction motor 

2200-volt, a.c. brush-shifting motor 
Variable speed, 240-volt d.c. 

Geared turoine 

Geared turbine 

2300-volt, a.c. brush-shifting motor 
2300-volt, a.c. brush-shifting motor 
500-volt induction motor 

None 

2300-volt squirrel-cage 

None 

Induction motor 

Same as forced draft 
Variable speed, 240-volt d.c. 
None 

None 

Same as forced draft 

Same as forced draft 

Same as forced draft 

Calumet 

Colfax 

Delaware 

Hell Gate 

Marysville .. 
Seward 

South Meadow. 
Springdale... . 

Weymouth 

Windsor 


Control for Power Station Auxiliary Motors: Power Plant Engrg., June 1, 1923, p. 581. 
Driving Power-House Auxiliaries: Power, Jan. 31, 1922, p. 166; May 20, 1924, p. 817. 


161. Fan-draft Control. — The volume of air for combustion may be 
varied to meet the steam demand by throttling where the fans operate at 
constant speed, and by changing the speed of rotation where variable- 
speed drives are employed. The air gates or dampers and the speed of 
the fans may be manually or automatically controlled. Manual control 
may be effected at the point where the air gates, dampers, or auxiliary 
drives are located or, from distant points, (remote control) through the 
agency of suitable relay apparatus. With automatic control it is cus- 
tomary to coordinate the manipulation of the air-supply apparatus with 
that of the stack damper in case of hand firing, and with that of the stoker 
drive in case of stoker firing. The primary controlling forces are variation 
in (1) steam pressure, (2) furnace suction and (3) air-duct pressure, sepa- 
rately or in combination with each other. These forces actuate suitable 
relay mechanisms which in turn vary the positions of the air gates or 
dampers, and the speeds of the stoker and fan drives. Among the popular 
makes of combustion-control systems may be mentioned the Balanced 
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Drafti Hagan, Merritt, Hess-Benjamin, Ruggles-Elingemann, and 
Smoot. 

In the Balanced Draft system of the Engineer Company, each boiler 
unit is individually controlled. The speed of the fan is controlled by a 
diaphragm regulator actuated by variations in plant header pressure. 
Movement of the diaphragm is transmitted to a pilot valve, which in 
turn admits water under pressure or compressed air to a piston. The 
piston movement changes the position of the controlling mechanism on 
the fan drive and in this manner varies the speed. The stack damper is 
open or closed by a furnace-pressure regulator which consists essentially 



Fig. 245. ‘'Balanced Draft” Combustion Control. 


of a swinging blade diaphragm actuated by draft-pressure variation in the 
furnace. Movements of the diaphragm operate a piston through the 
agency of a pilot valve, in much the same manner as the fan control. 
This piston operates the damper. The speed of the stoker drive is varied 
by the same piston which operates the flue damper. The movement of 
the piston, however, is not transmitted directly to the stoker speed control 
but indirectly through an adjustable cam. This system is first adjusted 
manually to meet the specific requirements of the particular plant to 
which it is applied, and the various adjustments are synchronized to give 
the best results. After this adjustment, further control is automatic. 
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The operation is as follows: If there is an increase in load on the plant, 
there will be a pressure drop in the steam header. The steam regulator 
will then gradually speed up the fan, force more air through the fuel bed, 
and increase the rate of combustion. This will produce more gas and tend 
to decrease the draft in the furnace chamber. The furnace-pressure 
regulator will immediately increase the damper opening just enough to 
remove the gas at the new rate and maintain the predetermined furnace 
draft. At the same time, the stoker-control cam will be turned to a new 
position and the correct amount of fuel to support the increased rate of 



combustion will be fed. In case the forced-draft fan is driven by a con- 
stant-speed motor or turbine, the cam mechanism varies the position of 
the blast gate. 

In the Hagan Combustion Control system, the primary controlling force 
is the difference in pressure across an orifice plate inserted between the 
flanges in the main steam header. The pressure difference at the orifice 
is carried to a balanced piston (master regulator) the movement of which 
is transmitted through chains and pulleys to the damper, the stoker 
and fan drive. The adjustments are such that movements of the boiler 
damper and speed of fan and stoker drives are synchronized to maintain 
the predetermined relation between fuel and air supply and to vary the 
rate of fuel and air supply in accordance with steam demand. 

The Hess-Benjamin system regulates direct-current motor-driven stoker 
and fan speeds by a master regulator consisting essentially of a properly 
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designed exciter for the shunt fields of all motors. The exciter current is 
varied by means of a balanced piston, the movement of which is actuated 
by a pressure drop in the main steam header from points on the saturated 
steam nozzle of the boiler to the points just ahead of the prime movers. 

Combustion Control for Steam Boilers: Power, May 11, 1926, p. 711; May 13, 1924, 
p. 761; Feb. 24, 1925, p. 314; Mech. Engrg., Mar., 1925, p. 193. 

Centralized Combustion Control for Boilers: Power, May 16, 1922, p. 771. 

Combustion Control: Power Plant Engrg., Jan. 15, 1928, p. 114. 

Automatic Combustion Control: Power Plant Engrg., July 1, 1924, p. 694; Jan. 1, 
1928, p. 50; Power, Aug. 10, 1926, p. 198. 

Etectrical System of Combustion Control for Boiler Plants: Power, Oct. 26, 1926, p. 626. 


PROBLEMS 

1 . The over-fire air supply of a 100-hp. horizontal return-tubular boiler when opera- 
ting at rating is furnished by two 3/ 16-in. diameter steam jets, steam pressure at nozzle 
65 lb. per sq. in. gage. What percentage of the weight of steam generated by the boiler 
is required to operate the jets? Feedwater, 200 deg. fahr. 

2 . Dry air is flowing through a conduit, the velocity head (as indicated in Fig. 236) 
being 1 in. water. If 1 cu. ft. air weighs 0.074 lb., required the velocity in ft. per sec, 

3 . Let the cross-sectional area of the conduit in Problem 1 be 2 sq. ft. and the static 
pressure 0.5 in. water. Required the output horsepower of the fan. 

4 . It is required to supply 20,000 cu. ft. air per min. to a furnace under a static 
pressure of 1 in. water. The conduit is 10 ft. square and 100 ft. long. Static pressure 
drop due to right-angle bends 0.1 in. The overall efficiency of the fan is 60 per cent. 
One cu. ft. of air weighs 0.074 lb. Calculate the horsepower required to drive the fan. 

6. Required the horsepower necessary to operate the fan in Problem 3 if the staticj 
pressure is increased to 2 in., other conditions remaining the same. 

6 . If the rated speed of fan in Problem 3 is 2000 r.p.m., required the horsepower if 
the speed is increased to 4000 r.p.m. 

7 . The demands on a fan running 2000 r.p.m. have increased, and it is estimated 
the fan will deliver the required volume of air if speed is increased to 4000 r.p.m. Show 
why it will be much more economical to replace blower with one designed to deliver the 
required volume under the original pressure requirements. 

8. Required the capacity of an induced fan suitable for the conditions stated in 
Problem 5, Chapter VIII. 

9. Required the power necessary to operate the fan in Problem 3, if its overall 
efficiency is 60 per cent under the specified operating conditions. 
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RECIPROCAXmG STEAM ENGINES 

162. Introductory. — The type of prime mover best suited for a given 
installation is the one that delivers the required power at the lowest cost, 
taking into consideration all charges, fixed and operating. These include 
not only the cost of fuel, labor, supplies, and repairs, but all overhead 
charges such as interest on the investment, depreciation, maintenance, 
and 'taxes. Steam conditions as regards pressure and temperature, size 
of units, kind of service, nature of the station load curve, and disposition 
of the exhaust are important factors which must also be considered. 
Space requirements and continuity of operation are oPen of vital impor- 
tance, and may greatly influence the selection of type of prime mover 
and auxiliary apparatus. In some situations, the gas engine and producer 
are productive of the highest commercial economy; in others, the choice 
lies between the reciprocating steam engine and the turbine; frequently 
the hydro-electric plant offers the best returns; but each proposed in- 
stallation is a problem in itself, and general rules are without purpose. 

The reciprocating steam engine is the most widely distributed prime 
mover in the power world, and although its field of usefulness has been 
greatly encroached upon in recent years by the steam turbine and in- 
ternal combustion engine, it is still an important heat engine and will 
probably continue to be a factor for years to come. In a general sense, 
the piston engine is superior to the turbine for variable speed, slow rota- 
tive speeds, and heavy starting torque, while the turbine has superseded 
the engine for large central station units and for auxiliaries requiring high 
rotative speed. The high-speed turbine in connection with efficient re- 
duction gearing has some advantf^es over the piston engine for low- 
speed drives and is to a certain extent replacing the latter in this connec- 
tion. From a purely thermal standpoint, the Diesel type of internal com- 
btistion engine is superior to the steam engine and the turbine is more 
economical in space requirements, but taking into consideration all of 
the items affecting the production of power, the reciprocating engine may 
still prove to be the better investment in many situations. 

Improvement in the heat efficiency of the piston engine within the 
past few years has been remarkable, and single-cylinder units of the 
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uniflow or unaflow type are being operated with steam consumptions 
lower than that obtained from the older counterflow types of compound 
units. A 160-hp. Schmidt high-pressure engine with interstage super- 
heating, recently tested in Germany, gave an overall thermal efficiency of 
31 per cent (indicated horsepower basis). (See Table 61, paragraph 187.) 
A few years ago the piston engine appeared to be doomed to the 
scrap heap, but the unusual economies effected in the later designs have 
made it once more a formidable competitor of the steam turbine, at least 
for moderate power requirements and non-condensing service. The 
recent installation of a 25,000 hp. counterflow piston engine in an English 
rolling mill is evidence that this type of prime mover is not necessarily 
limited to small sizes.^ 

Because of the limited space available, and considering the fact that 
this phase of the subject has been thoroughly covered in text books, no 
attempt will be made to describe the various types of counterflow piston 
engines or to analyze the constructive details. The discussion has been 
limited to the .possibilities of the perfect engine and the various factors 
which affect the performance of the actual mechanism, with a view of 
selecting the characteristics best suited for a given kind of service. 

183. The Ideal or Perfect Engine* — In every heat engine the work- 
ing fluid goes through a circuit, or cycle, of operation. Beginning at a 
particular condition, it passes through a series of successive states of pres- 
sure, volume, and temperature and returns to the initial condition. An 
ideally perfect engine, which effects the highest possible conversion of 
heat into mechanical work for a given cycle, is taken as a standard of 
comparison for the performance of the actual engine. There are several 
cycles which approach more or less the action of steam in the actual 
engine, but the Rankine cycle meets the conditions of most piston engines 
and for that reason has been adopted as a standard. The various cycles 
are treated at length in Chapter XXIII and need not be considered here. 

In order to realize the ideal Rankine cycle, the walls of the cylinder and 
the piston must be non-conducting, expansion after cut-off must be adia- 
batic and carried down to the existing back pressure, the action of the 
valves must be instantaneous, and steam passages must be sufficiently 
large to prevent wire drawing. Practically none of these conditions is 
fulfilled by the actual engine. The various losses which prevent the 
actual engine from obtaining the efficiency of the ideal are outlined in 
paragraphs 171 to 181. 

The heat supplied, heat consumption, efficiency, and water rate of a 
perfect engine operating in the Rankine cycle are treated at length in 
Chapter XXIII and may be summed up as follows; 

^ For a description of this en^^e see Power, Sept. 26, 1922, p. 491. 
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Heat supplied = Hi — (125) 

Heat converted into work = Hi — Hn (126) 

Efficiency, E, = {H,- Hn) (Hi- Qn) (127) 

Water rate, W, = 2547 ^ (Hi - Hn) (128) 


in which 

efficiency on the Rankine cycle with complete expansion, 
water rate on this cycle, lb. per hp-hr., 
initial heat content of the steam, B.t.u. per lb., 
final heat content after adiabatic expansion from initial condition 
to final condition n, B.t.u. per lb., 
heat of the licfuid corresponding to exhaust temperature, B.t.u. 
per lb. 

The average engine seldom expands to the existing back pressure, in 
which case the work done per lb. of steam supplied is less than if the ex- 
pansion were complete. The various theoretical quantities for this con- 
dition of incomplete expansion (sec paragraph 397) may be calculated as 
follows: 

Heat supplied = Hi — Qn, B.t.u. per lb. (129) 

It will be noted that this is the same as for complete expansion. 

Heat absorbed = Hi - He + Vc (Pc - P2)/778 (130) 

Efficiency, E\ = [Hi - He + Ve (Pe ~ P2)/778] -f- (//.• - qn) (131) 

Water rate, W'r = 2547 ^ [Hi - He + Ve (Pe ~ P2)/778] (132) 

in which 

E\ = efficiency of the. Rankine cycle with incomplete expansion, 

He = heat content at release pressure Pe after adiabatic expansion, 
B.t.u. per lb., 

Pc = release pressure, lb. per sq. ft., 

P 2 = back pressure, lb. per sq. ft., 

Vc = specific volume of the fluid under release conditions, cu. ft. per 
lb. (Other notations as for complete expansion.) 

W\ = water rate of this cycle, lb. per hp-hr. 

Direct-acting steam pmnps and engines taking steam full stroke have 
the following theoretical possibilities (see paragraph 399) : 


Heat supplied = Hi — qn, (133) 

Heat absorbed = Vi (Pi — P^/llS B.t.u. (134) 

Efficiency, E/^ = (Pi - P 2 ) 778 (Hi - qn) (135) 

Water rate, W/' = 2547 X 778 -5- Vi (Pi - P 2 ) (136) 


= 

Wr^ 
Hi^ 
Hn = 


Qn = 
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vi = specific volume of the steam at pressure Pi, cu. ft. per lb. 

Pi =* initial pressure, lb. per sq. ft., 

P2 == back pressure, lb. per sq. ft. 

Ef” = efiiciency of the non-expansion basis, 

TT/' = water rate of this cycle, lb. per hp-hr. 

(Other notations as for complete expansion.) 

Cylinder Efficiency of an Engine Reveals Avoidable Losses: Power, May 1, 1923, p. 678- 


TABLE 56 

THEORETICAL EFFICIENCIES AND WATER RATES OF PERFECT ENGINES OPERATING 
IN THE CARNOT AND RANKINE CYCLES 
(Saturated Steam) 



1 Condensing, Back Pressure, 1 In. Hg. 

Non-condensing, Back Pressure, 14.7 Lb. Abs. 

Initial 

Efficiency 

Water Rate 

Efficiency 

Water Rate 

Pressure 

Lb. Abs. 

Per Cent 

Lb. per I.Up-hr 

Per Cent 

Lb. per 

I.Hp-hr. 


C 

R 

C 

R 

C 

R 

C 

R 

. 60 

27.18 

24.98 

10.13 

8.98 

9.32 

8.98 

29.56 

28.51 

100 

31.51 

28.47 

9.10 

7.85 

14.70 

13 88 

19.48 

18.22 

150 

34.10 

30.60 

8.65 

7.26 

17.90 

16 65 

16.46 

15.08 

200 

35.91 

31.88 

8.41 

6.94 

20.19 

18 60 

14.94 

13.44 

250 

37.34 

32.93 

8.25 

6.70 

21.97 

20 05 

14.02 

12.42 

300 

38.51 

33.76 

8.14 

6.52 

23.42 

21 22 

13.39 

11.71 

400 

40.37 

35.10 

8.04 

6 25 

25.74 

23 07 

12 53 

10.73 

500 

41.79 

36.06 

8.07 

6.07 

27.54 

24 46 

12.22 


600 

43.00 

36 84 

8.10 

5.94 

29.02 

25 57 

11.98 

9.66 

800 

44.80 

38.00 

8.24 

5.79 

31.20. 

27.20 

11.81 

9.12 

1000 

46.30 

38.90 

8.40 

5.67 

33.10 

28.50 

11.80 

8.71 

1200 

47.60 

40.00 

8.68 

5.53 

34.50 

29.70 

11.92 

8.40 


164. Efficiency Standards. — In order to place the performance of 
reciprocating engines on a comparable basis and to avoid confusion in 
the meaning of the terms used in expressing such performance, all tests 
should be conducted in accordance with Test Code on Reciprocating 
Engines, as recommended by Power Test Committee of the American 
Society of Mechanical Engineers. Directions regarding the application, 
use, and calibration of the various instruments and apparatus used for 
conducting engine tests, statements as to their accuracy, methods of 
conducting tests, and definitions of the different terms used in expressing 
the performance are detailed in the code. The performance of recipro- 
cating engines is stated as follows: 
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1. Water rate, lb. of steam per unit output per hr. 

2. Heat supplied, B.t.u. per unit output per hr. 

3. Thermal efficiency, per cent. 

4. Mechanical efiiciency, per cent. 

5. Rankine cycle efiiciency, per cent. 

The indicator offers the simplest means of measuring the output of a 
piston engine, and for this reason the performance is usually stated in 
terms of indicated horsepower. The indicated horsepower is always 
greater than the net available power by an amount equivalent to the 
friction of the mechanism. The power actually developed, or brake 
horsepower, is not readily obtained except for small sizes, and it is cus- 
tomary to approximate this value by deducting the indicated horsepower 
when running idle from the indicated horsepower when running under 
the given load. This does not give the true effective power, but is suffi- 
ciently accurate for most commercial purposes. (See paragraph 178.) 
The output of steam turbines and piston engines driving electrical ma- 
chinery is conveniently stated in electrical horsepower or kilowatts, since 
the electrical measurements are readily made. The electrical output as 
measured at the generator terminal gives the net effective work, and 
automatically deducts the machine losses. 

165. Water Bate. — The most generally used measure of the per- 
formance of a steam engine is the water rate, or lb. of steam supplied at 
actual condition per unit of output, no correction being made for quality 
or superheat. This includes condensation from jackets, receivers, and 
reheater coils, if the engine is of the jacketed or compound type. Since 
the indicator offers the simplest means of measuring the output, the per- 
formance is usually stated in terms of indicated horsepower. Except 
with small engines where the developed power can be determined by a 
brake test, the water rate per br.hp-hr. is ordinarily approximated by 
dividing the indicated water rate by an assumed mechanical efficiency. 
The water rate per electrical hp-hr. or per kw-hr. for generator driving 
sets is readily calculated from the electrical output. By plotting the 
total weight of steam passing through the engine as ordinates, and the 
output, whether i.hp., br.hp. or kw., as abscissas, the resulting curve is a 
straight line, or nearly so, and is known as the Willans line. If the con- 
trol is by throttling, the curve is a straight line, and if the engine is of the 
automatic cut-off type the curve is convex to the X-axis. If the curve 
is a straight line, the water rate at any load may be calculated by know- 
ing the value of two points on the curve, or of one point and the slope. 
The Willans line, whether straight or bent upward, may be closely ap- 
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proximated by the equation 

= A + BP + CP*,! (137) 

in which 

W = lb. of steam per hr., 

P = load, i.hp., br.hp., or kw., 

A = lb. of steam per hr. with engine idling, 

B,C = constants determined by experiment, 

((7 = 0 for a straight line) 

Percentage of Load 



For most engineering purposes, it is sufficiently accurate to assume a 
straight line for all classes of piston engines. The unit water-rate curve 
formed by plotting water rates as ordinates against unit output is of great 

^ Engineering Thermodynamics, Lucke, p. 386. 
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importance in visualizing the performance of the engine at various loads. 
The aim of the engine builder is to have this unit curve as flat as possible, 
so that the efliiciency may be the same at all loads within the working 
range. A number of typical water-rate curves will be found in this 
chapter under various headings. If the initial pressure, quality, and back 
pressure were constant for all conditions of operation, the water rate 
would be a true measure of the heat efiiciency, but since this is not the 
case the water rate under actual conditions is of little value in comparing 
performances. The water rate may be used as a means of comparison, 
provided suitable corrections are made for pressures and quality, but 
this procedure is not common. Where it is desired to correct to any 
assumed standard conditions, as in contract guarantee or acceptance 
tests, the corrections applied should be agreed upon by the interested 
parties because there are no standard correction factors applicable to all 
mak(Js and sizes of engines. 

166 . Heat Supplied. — Heat supplied for engines and turbines is 
expressed as the total heat content of the steam supplied less the heat 
of the liquid at exhaust pressure. The heat of the liquid at exhaust is 
sometimes known as the ideal feedwater temperature. The temperature 
of the liquid for a non-condensing engine exhausting at standard atmos- 
pheric pressure is 212 deg. fahr., and that of a condensing engine exhaust- 
ing against an absolute back pressure of 2 lb. is 126 deg. fahr. and so on. 
The heat supplied, referred to any unit of output, is defined as the heat 
input per unit of output, for example: B.t.u. per i.hp-hr.; B.t.u. per 
kw-hr., etc., and is a true measure of the heat economy. The heat of the 
liquid at exhaust pressure is dependent upon pressure only, and therefore 
is independent of any heat which may be collected in the condensation 
from jackets or rcheater-receiver coils. Utilization of the heat in this 
condensate increases the overall station economy but is not considered 
in measuring the net heat supplied to the engines. 

Example 31. — (1) A compound condensing engine develops a brake 
hp-hr. on a steam consumption of 8.5 lb. initial pressure 200 lb. abs., 
superheat 250 deg. fahr., exhaust pressure 0.5 lb. abs., release pressure 
2 lb. abs. (2) The same engine when using wet steam develops a brake 
hp-hr. on a steam consumption of 12 lb. per hr., initial pressure 150 lb. 
abs., quality 98 per cent, exhaust pressure 2 lb. abs., release pressure 
4 lb. abs. Compare the performance of the two engines on a “ heat sup- 
plied basis. 

Solution. — The heat content of the superheated steam and that of 
the liquid is found from steam tables to be Hi = 1332; qn = 48. 

The heat content of the wet steam may be taken directly from the 
Mollier diagram or calculated 

Hi = 0.98 X 863.2 + 330.2 « 1176.1; * 94. 
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Heat supplied to superheated steam engine 

8.5 (1332 — 48) = 10,914 B.t.u. per br.hp-hr. 

Heat supplied to saturated steam engine = 

12 (1176.1 - 94) = 12,985 B.t.u. per br.hp-hr. 

Economy of superheated- over saturated-steam engine 

(1) in water rate: 100 (12 — 8.5) 4- 12 = 29.2 per cent. 

(2) in heat supplied: 100 (12,985 — 10,914) - 5 - 12, 985 == 15.9 per cent 

167. Thermal Efficiency. — The thermal efficiency of a steam engine 
is the ratio of the heat equivalent of the work done to that supplied, 
measured above the heat of the liquid at exhaust pressure. It may be 
expressed as indicated, brake, or combined thermal efficiency, depending 
upon whether the work done is based upon the indicated load, brake 
load or combined output of engine and generator, respectively. Since 
the heat equivalent of one hp. is 2547 B.t.u. per hr., the indicated, or 
brake thermal efficiency Et may be expressed: 

Et = 2547 -h W(Hi - qn) (138) 


in which 

W = lb. steam per i.hp-hr. or br.hp-hr. 

Hi and Qn as in equation (125) 

Since the heat equivalent of one kw, is 3415 B.t.u. per hr., the combined 
thermal efficiency of engine and generator Et is 

Et = 3415 Wi {Hi - Qn) (139) 

in which 

TTi = lb. steam per kw-hr. 

Other notations as in equation (138) 

Eicample 32. — Calculate the thermal efficiencies of the two engines 
using the data in the preceding example. 

Solution. — Superheated steam engine. 

Et = 2547 -5- 8.5 (1332 - 48) = 0.233 = 23.3 per cent. 

Saturated steam engine. 

Et = 2547 12 (1176.1 - 94) = 0.196 =* 19.6 per cent. 

The thermal efficiency of the actual engine varies from 5 per cent in the 
TOOrest grade of non-condensing single-cylinder single-valve design oper- 
rang with saturated steam, to 31 per cent in the highest grade multi- 
expansion engine with high-pressure highly-superheated steam, the best 
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recorded performance to date. As far as thermal eflBiciency is concerned, 
the non-condensing piston engine still leads the non-condensing turbine 
for sizes under 2000 hp. 

168 . Mechanical Efficiency. — The ratio of the brake horsepower 
to the indicated power is the mechanical efficiency of the engine; the 
ratio of the electrical horsepower to the indicated power is the mechanical 
efficiency of the engine and generator combined; and the ratio of the 
pump horsepower to the indicated power of the engine is the mechanical 
efficiency of the engine and pump combined. The percentage of work 
lost in friction is, therefore, the difference between 100 per cent and the 
mechanical efficiency in per cent. (See also paragraph 178.) 

The mechanical efficiency of piston engines at rated load varies from 
85 per cent for the cheaper grades of engines to 95 per cent and even 98 
per cent for the better types. With highly superheated steam, the 
mechanical efficiency is apt to be lower than with saturated steam unless 
careful consideration has been paid to the system of lubrication. The 
friction horsepower decreases somewhat with the increase in size of engine 
and is considerably higher 
with newly installed en- 
gines than after they 
have been in service a 
year or so. (See Powers 
Oct. 25, 1921, p. 652.) 

Generator efficiencies at 
full load vary from 86 
per cent for the 15-kw. 
size to 94 per cent for 
units of 2000 kw. rated 
capacity. The overall or 
combined efficiency at rated load varies from 75 per cent for small units 
to 93 per cent for larger ones. The generator efficiency of very large 
turbo-alternators, 25,000 kw. rated capacity or more, is in the neighbor- 
hood of 97 per cent. The efficiency at fractional loads for a specific case 
is illustrated in Fig. 248. 

Lucke, Engineering Thermodynamics ^ p. 370, states that the mechanical 
efficiency of the piston engine is independent of the speed and that it 
may be expressed 

= 1 - Ki - K^/m (140) 

in which 

Ki = constant, varying from 0.02 to 0.05, 

Kt = constant, varying from 1.3 to 2.0, 
m = mean effective pressure, lb. per sq. in. 



Fia. 248. 
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169. Bgnldne Cycle EflSciency. — The degree of perfection of an engine, 
or the extent to which the theoretical possibilities are realized, is the 
ratio of the thermal efficiency of the actual engine to that of an ideally 
perfect engine working in the Rankine cycle with complete expansion. 
This is called the Rankine efficiency, or Rankine cycle ratio, and is ex- 
pressed on the i.hp., br.hp. or kw. basis. It is the accepted standard for 
comparing the performance of steam engines. 

Ji E = Rankine efficiency^ 

El = thermal efficiency of the actual engine 

E, = efficiency of the ideal engine working in the Rankine cycle with 
complete expansion. 

Then E = Et/Er (141) 

From equation (138) 


El = 2547 -i- W(Hi - qn) 


And from equation (127) 

Er = {Hi - H„) (H, - q,) 


Whence 


E = 2547/ W( Hi - g.) - 5 - ( - H„)/( Hi - q„) (142) 

= 2547 ^W{Hi- Hn) (143) 

The Rankine cycle efficiency may also be expressed as the ratio of the 
actual unit water rate to that of the perfect engine working through the 
same pressure and temperature range. 

Example 33. — Determine the Rankine cycle efficiency of the two 
engines specified in Example 31. 

Solution. — Superheated steam engine. 

E = 2547 -4- 8.5 (1332 - 908) = 0.706 = 70.6 per cent (br.hp. basis) 
Saturated steam engine. 

E == 2547 ^ 12 (1176 - 898) = 0.763 = 76.3 per cent (br.hp. basis) 

Rankine cycle efficiencies (i.hp. basis) for various tjqws' of engines 
imder average steam conditions and at rated load range are approximately 
as shown in Table 57. 


‘ The term " efficiency ” without qualification when applied to the performance of 
on gintia is usuafly Considered to mean Rankine cycle efficiency. 
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TABLE 67 

RANKING CYCLE EFFICIBNaES, PER CENT 



Saturated Steam 

Superheated Steam 

Xon-oondonaing 

Condensing 

Non-condensing 

Condensing 

* Simple, single valve 

50-65 

38-45 

65-75 

50-65 

* Simple, multi-valve 

65-75 

42-63 

72-82 

60-75 

Simple, uniflow 

70-80 

65-70 

75-85 

70-80 

* Compound 

70-80 

63-73 

75-85 

68-80 

* Triple expansion 

72-82 

70-76 

75-86 

70-82 


• Counterflow 


The piston engine st^ldoin expands the steam down to the existing 
back pressure, but releases from 2 to 5 lb. above this point in condensing 
engines and from 15 to 20 lb. above in non-condensing engines. The 
ideal cycle corresponding to this condition is the Rankine cycle with 
incomplete expansion. The ratio of the thermal efficiency of the actual 
engine to that of the ideal engine working in the incomplete cycle is a true 
measure of the degree of perfection of the engine under the given condi- 
tions. This rate is sometimes called cylinder efficiency and may be ex- 
pressed as 

(144) 

WliHf- //,) + (P, ~ P2)XcUc - 778] 

See equations (138) and (132). 


Example 34. — Determine the cylinder efficiency of the two engines 
specified in Example 31. 

Solution. — Superheated steam engine: 


E' 


2547 

8.5 [1332 - 980 + (2.0 - 0.5)0.800 X 173.5] 

= 0,701 = 76 per cent. 


Saturated steam engine: 


E' 


2547 

12 [1176 - 935 + 441(4 - 2)0.808 X 90.5] 
= 0.808 = 80.8 per cent. 


Summing up the various efficiencies for the two cases analyzed in 
paragraphs 166 to 169: 
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Saturated 
Steam Engine 

Superheated 
Steam EnginI 

Pressure, lb. per sq. in., absolute: 



Initial 

150 

200 

Release — 

4 

2 

Condenser 

2 

0.5 

Degree of superheat, deg. fahr 

0.98* 

250 

Steam consumption, lb. per br.hp-hr.: 



Actual engine 

12.00 

8.50 

Ideal engine, Rankine cycle, with incomplete expansion.. 

9.69 

6.46 

Ideal engine, Rankine cycle, with complete expansion 

9.16 

6.00 

Ideal engine, Carnot cycle 

10.59 


Thermal efficiency, per cent: 



Actual engine 

19.6 

23.3 

Ideal engine, Rankine cycle, with incomplete expansion.. 
Ideal engine, Rankine cycle, with complete expansion . . . 

24.3 

30.7 

25.8 

33.3 

Ideal engine, Carnot cycle 

28.3 


Heat consumption, B.t.u. per br.hp-hr.: 

12,985 

10,914 

Actual engine 

Ideal engine, Rankine cycle, with incomplete expansion.. 

+190.4 

+154.6 

Ideal engine, Rankine cycle, with complete expansion. . . 

+174.8 

+138.4 

Ideal engine, Carnot cycle 

152.5 


Rankine efficiency, per cent 

76.3 

’ 76.6 

Cylinder efficiency, per cent 

80.8 

76.1 


• Quality. 


t Mmuto basis. 


170. Commercial Efficiencies. — There is no accepted standard for 
rating the commercial efficiency of an engine or turbine. The various 
measures used in this connection, such as B.t.u. of fuel fired per hp- or 
kw-hr., lb. of standard coal per br.hp-hr., cents per hp. per year, and the 
like, include the economy of the boiler and auxiliaries and are not a true 
indication of the performance of the engine alone. From a commercial 
standpoint, it is important to know the weight of coal required to develop 
a hp-hr., taking into consideration all of the losses of transmission and 
conversion, and a knowledge of the overall efficiency from switchboard 
to coal pile is of value in basing the cost of power; but these items are in 
reality measures of the plant economy and are of little value in comparing 
the performance of the prime mover. 

Commercuil Efficiency in Transformation and Distribution of Energy : C. E. Lucke, 
Mech. Engrg., June, 1924, p. 317. 

171. Heat Losses In the Steam Engine. — The principal losses which 
tend to lower the efficiency of the steam engine and which prevent it 
from realizing the performance of the ideal engine are due to: 

(a) Cylinder condensation; 

(b) Leakage; 

(c) Clearance volume; 
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(d) Incomplete expansion; 

(e) Wire drawing; 

(J) Friction of the mechanism; 

{g) Presence of moisture in the steam at admission; 

(ft) Radiation, convection, and minor losses. 

Cylinder Condensation. — The weight of steam apparently used 
pdr revolution, as determined from the indicator card, or the indi- 
cated steam consumption^ (see paragraph 403) is considerably less than 
that actually supplied. The difference or missing quantity is due chiefly 
to cylinder condensation. This is by far the greatest loss in the steam 
engine with the exception of that inherent in the ideal engine. When 
steam is admitted to the cylinder of a counterflow engine, a considerable 
portion of the heat is given up to the comparatively cool skin surface of 
the cylinder walls. If the steam is saturated at admission, this heat 
absorption causes condensation, or initial condensation as it is called; if 
superheated at admission, the temperature is lowered to a corresponding 
point. After cut-off, heat continues to be given up to the walls until the 
temperature of the steam falls below that of the skin ^surface, when the 
process is reversed and part of the heat is returned to the steam. With 
saturated steam the heat absorption causes condensation during expansion, 
and, according to the accepted theory, the heat rejected causes re-evapora- 
tion during expansion. According to the investigation of M. H. Barker, 
engineer of the Hooven, Owens, Rcntchler Co., the time from cut-off to 
release is too short for the water of condensation to absorb the heat from 
the cylinder walls, and the departure of the expansion line from adiabatic 
is due to leakage. (See Power, Oct. 9, 1923, p. 667.) With superheated 
steam an equivalent heat exchange takes place, though to a less marked 
degree. Unless the cylinder is of a compound series, the heat absorbed 
from the cylinder walls during exhaust does no useful work and is lost. 
With counterflow engines, the exhaust steam must be returned in order 
to pass through the exhaust valves located at the ends of the cylinder, 
thereby cooling the clearance surfaces, which in turn condense a part of 
the incoming steam on the next working stroke. In the uniflow engine 
(see paragraphs 190 and 197) the expanded aud cooled steam does not 
flow over the clearance surfaces but is discharged through ports in the 
center of the cylinder. Furthermore, during compression, the exhaust 
steam trapped in the cylinder is compressed against a jacketed head, 
and that portion remaining in the clearance space is heated by compres- 
sion to a temperature practically that of the initial steam. When the 
admission valve opens again to start the next stroke, live steam rushes 

^ Also called the steam accounted for by the diagram or diagram steam. 



386 


STEAM POWER PLANT ENGINEERING 


in and encounters the steam which is compressed to a high temperature, 
and practically no initial condensation takes place. Cylinder condensa- 
tion and leakage, measured as the proportion of the mixture present, varies 
with the type and size of the engine, length of cut-off, valve design, tem- 
perature range, location of ports and port passages, jacketing, lagging, 
and other variables. It ranges from 18 to 60 per cent in the counter- 
flow engine, and from 12 to 25 per cent in the uniflow. In the uniflxjw 
engine, however, the curve is much flatter, as will be seen from an inspec- 
tion of the curves in Fig. 249. These curves are based on indicator cards 
taken from a number of non-condensing engines and are, therefore, ap- 
plicable only to the particular 
types and sizes tested and 
for the conditions under which 
the tests were made, but are 
of interest in showing the 
influence of ratio of expansion 
on cylinder condensation and 
leakage losses for the two 
types of engines. 

The empirical formulas 
which may be used for cal- 
culating the extent of these 
losses, and which involve the 
various influencing factors, are unwieldy and only approximately accurate. 
One of the most satisfactory formulas of this class is that deduced by 
R. C. H. Heck, The Steam Engine and Turbine,^^ 1911, p. 175. 

The various heat exchanges between the working fluid and the cylinder 
walls, including cylinder condensation and leakage, are approximately 
determined by transferring the indicator diagram to the temperature 
entropy chart. (See paragraph 401.) For use and application of the 
temperature-entropy diagram in engine tests, consult Power, Dec., 1907, 
p. 834; Jan. 21, 1908, p. 96; Jan. 28, 1908, p. 145. 

A comparatively simple method for approximating cylinder condensa- 
tion and leakage losses is given by J. Paul Clayton, Bulletin No. 58, 1912, 
University of Illinois, and consists in transferring the indicator diagram 
to logarithmic cross-section paper. By means of the logarithmic diagram 
Clayton found that, (1) free from certain abnormal influences, expansion 
and compression take place in the cylinder substantially according to 
the law PF” = C; (2) the value n bears a definite relation in any given 
cylinder to the proportion of the total weight of steam mixture which 
was present as steam at cut-off; (3) the relation of the value n to the 
value Xc (quality of steam at cut-off) for the same class of cylinder, as 
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Igesccntage of Gut Off 

Fig. 249. 
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regards jacketing, is practically independent of engine speed and of cylinder 
size; and (4) by means of the experimentally determined relation of Xn 
and n, the actual steam consumption may be obtained from the indicator 
card to well within 4 per cent of the true value. The curves in Fig. 701 
were plotted on logarithmic cross-section paper from the pressure-volume 
diagrams of a 12-in. by 24-in. Corliss engine, and illustrate Mr. Cla5d;on^s 
method of analysis. The curves in Fig. 702 show the relation between 
quality Xc and exponent n for a given set of conditions. See also 
paragraph 400. 

173. Leakage of Steam. — The loss due to leakage is a variable fac- 
tor depending upon the design and condition of the engine, and is greater 
with saturated than with supcirheated steam. According to the investi- 
gation of M. L. Barker, about one out of three engines has tight valves. 
(See Power, Oct. 30, 1923, p. 693.) The usual method of measuring 
leakage past the valves and piston while the engine is at rest is likely 
to give erroneous results, as demonstrated by Callender and Nicolson 
(Peabody, Thermodynamics,^’ p. 351) in tests made on a high-speed 
automatic balanced-valve engine and on a quadruple expansion engine 
with plain unbalanced slide valves. With the engines at rest, they found 
that the leakage past valves and piston was insignificant, but, when in 
operation, the leakage from the steam chest into the exhaust was con- 
siderable. It was thought that a large proportion of the leakage was 
probably in the form of water formed by condensation of steam on the 
seat uncovered by the valve. 

According to the report of the Steam Engine Research Committee 
{Engrg. Lond., March 24, 1905, p. 393), leakage through a plain slide valve 
is independent of the speed of the sliding surfaces, and directly propor- 
tional to the difference in pressure on the two sides; with well-fitted 
valves the leakage is never loss than 4 per cent of the volume of steam 
entering the cylinders, and is often greater than 20 per cent. 

The various leakage losses may be approximated by transferring the 
indicator diagram to logarithmic cross-section paper. Figure 703 shows 
the application of the logarithmic diagram to a specific case and illustrates 
this method of determining leakage losses. See paragraph 400. 

Leakage Past Piston Valves: Engrg., Feb. 9, 1912. 

174. Clearance Tolume, and Compression. — The portion of the 
cylinder volume which is not swept through by the piston but which 
is nevertheless filled with steam when admission occurs is called the 
clearance volume. It is the space between the end of the piston when 
on dead center and the inside of the valves covering the ports. In coun- 
terflow engines it varies from about 2 per cent of the piston displacement 
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in very large engines with short steam passages, to 10 per cent or more 
in small high-speed engines. In imiflow engines it ranges from 1/2 to 5 
per cent, the lower value for the largest engines with single-beat poppet 
Valves. 

The extent of surface in the clearance space greatly influences the 
amount of cylinder condensation, since the piston is moving slowly near 
the end of the cylinder, and the time of exposure of the steam to these 
surfaces is comparatively long. The greater part of the cylinder conden- 
sation usually occurs in the clearance space; therefore the steam passages 
and clearance space should be designed so as to present a minimum amount 
of surface consistent with the proper cushioning volume for smooth 
operation. Theoretically, if steam is compressed adiabatically to the 
initial pressure there is no loss due to clearance, but in counterflow engine 
practice compression carried to initial pressure does not necessarily 
improve the economy. For a constant time element, the shorter the 
cut-off the greater will be the ratio of the weight of cushion steam to that 
of the steam supplied and hence the greater the loss. In large slow- 
moving engines the loss due to clearance may be greater than that in 
high-speed, short-stroke engines because of the longer time of exposure 
to the clearance surface. According to Professor J. Stumpf (The Una- 
flow Engine, 1922, p. 42), (1) for the same initial and back pressure, 

m.e.p., and best compression, the theoretical steam consumption increases 
almost linearly with the clearance volume. (2) The volmne loss increases 
with increasing initial pressure, decreases with increasing back pressure 
and m.e.p., and becomes a minimum for a certain length of compression. 
(3) The clearance volume loss is zero if expansion reaches the back pres- 
sure and compression rises to the initial pressure. (4) For a given initial 
pressure, back pressure, m.e.p., and length of compression, the clearance 
volume must be such that the change of pressure during expansion is 
equal to the change of pressure during compression.^^ 

The ratio of expansion is a function of the clearance volume; for ex- 
ample, an engine cutting off at one fifth, neglecting clearance, has an 
apparent ratio of expansion of 6, but if the clearance volume is 10 per 
cent the actual ratio is only 3.66. 

In high-speed engines a certain amount of compression is desirable for 
its cushioning effect irrespective of its influence on economy. According 
to Professor J. Stumpf, For a given initial pressure, mean effective 
pressure, and clearance volume, the lowest steam consumption is obtained 
if the length of compression is made 100 per cent and the back pressure 
is chosen so as tamake the change of total heat during expansion equal to 
the change of total heat during compression.” 

A series of tests by Professor Jacobus {Trans. A.S.M.E., 15-918) on a 
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lO-in. by 11-in. high-speed automatic engine at Stevens Institute show 
decreasing economy with increase of compression, the initial pressure, 
cut-off, and release remaining constant. The results were as follows: 


Proportion of initial pressure up to which the steam is com- 
pressed 

f 

34.8 

1 

36.7 

Full 

Steam, lb. per i.hp-hr 

38 

Tests by Carpenter (Trans. A.S.M.E., 16-957) on the high-pressure 
cylinders of the Corliss engine at Sibley College gave: 

Compression, per cent 

11.4 

25 

35.2 

Brake hp 

30 

29 

26 

Steam, lb. per br.hp-hr 

33 

33.3 

34 



Tests made by A. H. Klemperer on a 7.1-in. by 17.7-in. Corliss engine, 
at Dresden, gave decreasing steam consumption for increase in compres- 
sion volume up to about twice that of the clearance beyond which the 
water rate increased with the increase in compression. {ZeiL d. Ver, 
deut, Ingr,, Vol. 1, 1905, p. 797.) 

Tests made by Professor Boulvin on a 9.8-in. by 19.7-in. Corliss engine 
at the University of Ghent gave results agreeing with those of Klemperer. 
{Revue de Mecanique, 1907, Vol. XX, p. 109.) 

175. Loss Due to Incomplete Expansion. — In the perfect or ideal 
engine, maximum economy is effected by expanding the steam down to 
the existing back pressure. The increase in mean effective pressure, 
however, resulting from complete expansion, particularly for low back 
pressure and high initial pressure, is comparatively small and necessitates 
the use of extremely large cylinders for a given power output. In thp 
actual engine, the m.e.p. is less than in the perfect engine for the same 
conditions; therefore, in order to obtain more power for reasonable 
cylinder dimension, expansion is not carried to the back-pressure line 
but to some point above this limit. Furthermore, in the actual engine, 
the greater the ratio of expansion the greater will be the loss due to cylinder 
condensation, and at some point in the expansion the loss just balances 
the theoretical gain and any further expansion beyond this point will be 
at the expense of economy. This critical point varies with the design of 
engine, initial pressure, and quality of steam, and the back pressure. In 
the ordinary single-cylinder non-condensing counterflow engine using 
saturated steam, it corresponds to approximately one-quarter cut-off. As 
will be shown later, the ratio of the expansion may be increased with 
reduced condensation losses, or the equivalent, by compounding, super- 
heating, or employing the uniflow principle. 
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176. Logs Due to Back Pressure. — In the perfect engine, for a given 
initial pressure and quality of steam and a fixed ratio of expansion or 
m.e.p., any reduction in back pressure will result in increased horsepower 
directly proportional to the m.e.p. Conversely, any increase in back 
pressure will result in correspondingly decreased horsepower. Thus it 
will be seen that more power can be realized for a given weight of steam 
by this reduction of back pressure, or, for a given power, less steam need 
be furnished the engine. In the actual engine this law holds true within 
certain limits only. For example, a single-cylinder engine designed for 
non-condensing service will show decreased economy almost directly pro- 
portional to the increase in back pressure for pressures above atmospheric, 
but when the back pressure is reduced by condensing, the gain in economy 
is less as the degree of vacuum increases. This is due partly to leakage 
at the higher vacua and to increased cylinder condensation because of the 
increased temperature range within the cylinder. This is true for all 
classes and types of piston engines, but the degree of departure from the 
performance of the ideal engine is more marked in the single-cylinder 
counterflow than in the compound counterflow or single-cylinder tmiflow 
engine. Professor J. Stumpf, in The Unaflow Steam Engine,^' 1922 
Edition, p. 43, proves deductively that in every piston engine there is a 
back pressure for each set of operating conditions under which maximum 
economy can be realized. This critical back pressure is a function of the 
clearance volume, initial pressure, load, and length of compression. 

Professor Stumpf has experimented with exhaust nozzles with the view 
of making use of the kinetic energy of the exhaust to reduce the cylinder 
back pressure. This has proved successful on the Prussian State Rail- 
ways in connection with multi-cylinder uniflow engines. Considerable 
experimental work of this nature is under way in America, but the art 
has not been developed to the point where stationary units arc employing 
this principle. For a mathematical analysis of the exhaust ejector consult 

Using Exhaust Energy in Reciprocating Engines, by J. Stumpf, Mech» 
Engrg.j June, 1922, p. 369. 

177. Loss Due to Wire Drawing. — Wire drawing, or the drop in 
pressure due to the resistances of the ports and passages, has the effect 
of reducing the output and the economy of the engine to some extent, 
since the pressure within the cylinder is less than that at the throttle 
during admission and greater than discharge pressure at exhaust. The 
steam may be dried to a small extent during admission, but because of 
the drop in pressure the heat availability is reduced. The loss in available 
heat may be calculated as shown in paragraph 391. In single-valve 
engines the effects of wire drawing are decidedly marked and the true 
points of cut-off and release are sometimes difficult to locate on the indi- 
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cator card. In engines of the Corliss, poppet, or gridiron-valve type, the 
effects are hardly noticeable. 

178. Loss Due to Friction of the Mechanism. — The difference be- 
tween the indicated horsepower and that actually developed is the power 
consumed in overcoming friction, and varies from 4 to 20 per cent of the 
indicated power, depending upon the type and condition of the engine 
and the method of lubrication. Engine friction may be divided into (1) 
initial or no-load friction and (2) load friction. The stuffing-box and 
piston-ring friction is practically independent of the load, while that of 
the guides, bearings, and the like increases with the load. The curves 
in Fig. 250 show the relation between friction horsepower and developed 
horsepower for a few types of engines. The distribution of the frictional 
losses in a number of engines is given in Table 58. See also paragraph 
168. 


TABLE 58 

DISTRIBUTION OF FRICTION IN SOME DIRECT-ACTING STEAM ENGINES 

(Thurston)* 


Parts of Engines where 
Friction is Measured 

Percentage of Total Engine Friction 

“Straight” 

Line” 

Balanced 

Valve 

“Straight” 

l^ine” 

Unbalanced 

Valve 

Traction 
Engine 
T.ocomotive 
Valve Clear 

Automatic 

Balanced 

Valve 

Condensing 

Engine 

Balanced 

Valve 

Main bearings 

47.0 

35.4 

35 0 

41.6 

46.0 

Piston and piston rod . . 

32.9 

25.0 

21.0 

49.1 

21.0 

Crank pin 

6.8 

5 1 

13.0 

Crosshead and wrist pin. 

5.4 

4.1 

Valve and valve rod 

2.5 

26 4 

22 0 

9.3 

21.0 

Eccentric strap 

5,4 

4 0 

Link and eccentric 



9 0 



Air pump 


i * 



12.0 

100.0 

100.0 

100.0 

100.0 

100.0 


* “ Friction and Lost Work in Machinery,” p. 13. 


179. Moisture at Admission. — The presence of moisture in the 
steam pipe is due to condensation caused by radiation or to priming 
at the boiler. Unless removed by some separating device between boiler 
and engine, the amount of moisture entering the cylinder may be from 1 
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to 5 per cent of the total weight of steam, and the work done per lb. of 
fluid is correspondingly reduced. This loss should not be charged against 
the engine, however, and its performance should be reckoned on the dry- 
steam basis. Experiments reported by Professor R. C. Carpenter (Trans, 
A.S.M.E., 15-438) in which water in vaiying quantities was introduced 
into the steam pipe, causing the quality of the steam to range from 99 
per cent to 57 per cent, showed that the consumption of dry steam per 
i.hp-hr. was practically constant, the water acting as an inert quantity. 



An efficient separator will remove practically all the entrained water. 
The presence of large quantities of water in the cylinder is apt to wreck 
the engine unless it is provided with large automatic snifting valves. 
Moisture carried from the boiler contains many of the impurities found 
in the feedwater and is apt to foul the valves and fittings in the pipe line. 

180. Radiation and Minor Losses. — The heat loss, commonly 
called “ radiation,” from the cylinder steam chest, piston rod, and valve 
stems, to the surroundings has the effect of increasing the cylinder con- 
densation. In jacket engines this loss may be approximated by the 
quantity of steam condensed in the jacket when the engine is not running. 
In unjacketed engines the loss is practically undeterminable since the 
heat exchange between the cylinder walls and the steam is exceedingly com- 
plex. The heat loss due to radiation, measured in terms of the total 
heat supplied, varies from 0.2 per cent in very large units with efficiently 
lagged cylinders and steam chests, to approximately 2 per cent in small 
en^es as ordinarily insulated. 

181. Heat Lost In the Exhaust. — Most of the heat supplied to the 
en^e is rejected to the exhaust; this varies from 70 per cent in the 
most economical type of prime mover to 95 per cent in the poorer types. 



RECIPROCATING STEAM ENGINES 


393 


If the exhaust steam is used for heating or other useful purposes, the 
heat chargeable to power is the difference between the heat supplied and 
that utilized from the exhaust, and amounts to approximately 2800 B.t.u. 
per i.hp-hr. or 4000 B.t.u. per kw-hr. In passing through a prime mover, 
heat is abstracted from the steam by: 

(1) Conversion of part of the heat into mechanical energy, 

(2) Loss to the surroundings. 

If A == heat converted into work, B.t.u. per lb. of steam, 

W, W' and Wi = water rate, lb. per i.hp-hr., br.hp-hr. and kw-hr., re- 
spectively, 

e' and = mechanical efficiency of the engine and combined 
engine-generator, respectively. 


Then A = 


2547 2547 3415 

W e'lV' eiWt 


(145) 


Considering Hi as the initial heat content, B.t.u. per lb. above 32 deg. 
fahr., and Hf as the loss due to radiation, B.t.u. per lb., the heat content 
Hi per lb. of exhaust will be 

Ih ^ Hi - Hr - A (146) 

As previously stated, the heat loss due to radiation in terms of the total 
heat supplied varies from 0.3 per cent in very large units with efficiently 
lagged cylinders and steam chests to approximately 2 per cent in small 
engines of 25 hp. rated capacity. An average value of 1 per cent may be 
assumed for most practical purposes. 

If the exhaust contains moisture, as is usually the case, we have 

Hi = XiTi + g2, (147) 

in which 

Xi = quality of the exhaust, 

Ti = latent heat corresponding to exhaust pressure, 
qi = heat of the liquid at exhaust pressure. 

Combining equations (146) and (147) and reducing 

X2 = {Hi - Hr - qi - A) Ti (148) 

If the exhaust is superheated 

^2 = ^2 + ^2 + CnJk^ 

in which 

Cm = mean specific heat of the superheated steam at exhaust pressure, 
W = degree of superheat of the exhaust steam, deg. fahr. 
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The net heat, Hp, chargeable to power is 

Hp = W(A + H,)y B.t.u. per i.hp-hr. (149) 

All of the heat of the exhaust is not available for commercial heating 
purposes or process work, because of the condensation losses in the ex- 
haust main. The extent of the latter depends upon the size and length 
of main, rate of flow, and efficiency of the pipe covering. Representing 
this loss by /f*(B.t.u. per lb. of steam), and assuming that it is charged 
against power, the total heat chargeable to power is 

Hp = W(A + Hr + H,) (150) 

and the equivalent water rate, for power only, Wp, is 

Wp = W{A + Hr + H^) ^ H (151) 

in which 

H = net heat supplied to the engine, B.t.u. per lb. 

For output expressed in terms of br.hp. or kw., substitute TF' and TFi, 
respectively, in place of W. 

Very little information is available relative to the quality of exhaust 
as determined by actual test, but such as has been published is in accord 
with the results calculated from equation (147). 


Example 36. — A 23-in. by 16-in. simple engine, direct connected to a 
200-kw. generator installed at the Annour Institute of Technology^ uses 
35 lb. of steam per i.hp-hr. at full load; initial pressure, 115 lb. abs.,^back 
pressure, 17 lb. abs., initial quality, 98 per cent. 

Calculate the quality of the exhaust, assuming a radiation loss of 1 per 
cent, and determine the amount of heat chargeable to power. 

Solution. — From steam tables 

Hi = xr + g = 0.98 X 879.8 + 309 = 1171; = 965.6; = 187.5 

A = 2547/35 = 72.8. 


By assumption. Hr = 0.01 X 1171 = 11.7 
Substituting these values in equation (148) and reducing 


X2 = 


1171 - 11.7 ~ 187.5 - 72.8 
965.6 


0.933 or 93.3 per cent. 


(Actual calorimeter tests gave a quality of 92.5 per cent, indicating a 
somewhat larger radiation loss than the assumed value of 1 per cent.) 
Total heat, Hp, chargeable to power (equation 150). 

Hp = 35 (72.8 -f- 11.7 + Hx), B.t.u. per i.hp-hr. 

Hx varies with the size and length of the exhaust main and the efficiency 
of the covering. Assume that in this particular installation the loss 
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amounts to the equivalent of 2 per cent of the heat content of the throttle 
steam. With this assumption we have, as the heat chargeable to power, 

Hp = 35(72.8 + 11.7 + 23.4) = 3776.5, B.t.u. per i.hp-hr. 

Assuming that the condensation from the heating system, including 
that exhausted from the engine, is returned to the boiler at a temperature 
of 192 deg. fahr., the net heat supplied per lb. of steam is 

H = 1171 - (192 - 32) = 1011 B.t.u. 

And the equivalent water rate for power only is 

3776.5 -T- 1011 = 3.73 lb. per i.hp-hr. 

The low fuel consumption for power when the exhaust steam is used 
for heating purposes is at once apparent. 

If .steam is extracted at some stage between the high-pressure inlet and the 
exhaust outlet, as from the receiver of a compound engine, the procedure 
is the same as previously d(^scribed except that the water rate up to the 
point of extraction must be taken instead of the water rate for full expan- 
sion. See example 44. 

Finding the Cost of Exhaust as Compared to Live Steam: Power, May 13, 1924, p. 759. 
See also. Power, Apr. 9, 1029, p. 582. 

183. Methods of Increasing Economy. — Various methods have been 
adopted for bettering the economy of piston engines; among them may 
be mentioned: 

(а) Increasing initial pressure, 

(б) Increasing rotative speed, 

(c) Decreasing back pressure by condensing, 

(d) Superheating, 

(e) Use of steam jackets, 

(/) Reheating receivers, 

(g) Compounding, * 

(h) Use of uniflow or straight-flow cylinders, 

(i) Use of binary fluids. 

183. Increasing Initial Pressure. — A glance at the curves in Fig. 
251, which visualize the relation between thermal efficiency and varying 
initial pressures for the perfect engine working in the Rankine cycle, shows 
that with saturated steam the efficiency increases with the initial pressure. 
Up to a pressure of 250 lb. abs., there is a marked increase in efficiency, 
but beyond this point the gain is at a gradually decreasing rate. Thus, 
in raising the pressure from 50 to 250 lb., a range of 200 lb., the efficiency 
is increased 31.6 per cent for the condensing and 55 per cent for the non- 
condensing engine, while raising the pressure from 800 to 1200 lb., a range 
of 400 lb., increases the efficiency of the condensing engine but 5.25 per 
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cent and that of the non-condensing engine but 9.1 per cent. The per- 
formance of the actual engine also shows increased efficiency with higher 
initial pressiu-es, but to a lesser degree than with the perfect engine. Unless 
the engine is designed for high pressures there is a point beyond which 
leakage past pistons and valves and cylinder condensation offset the 
thermal gain. This point of maximum heat economy varies with the 
type and construction of the engine and ranges from 165 lb. abs. in the 
ordinary type of counterflow engine designed for moderate pressures, to 
415 lb. abs. in the best type of single-acting uniflow engines. Small 



experimental engines of the compound type designed for high pressures 
have shown increased efficiency up to the 800 lb. initial pressure, but the 
gain at pressures above 400 lb. were not commensurate with the increased 
first cost of the plant equipment. This applies strictly to saturated 
steam. With high initial superheat and intermediate superheating, the 
heat economy appears to be limited only by the maximum pressure and 
temperature that the materials can withstand. In piston-engine practice 
in this country, the best overall plant efficiency, taking into consideration 
both fixed and operating costs, is obtained through the use of moderate 
pressures and superheat. In steam turbine practice pressures of 450 to 
600 lb. and temperatures of 700 to 725 deg. are standard but the trend is 
still upward. Pressures of 1200-1400 lb. and temperatures of 750 deg. are 
employed in several stations with apparent commercial success. Pressures 
over 400 lb. per sq. in. are frequently employed in small engines where 
heat economy is secondary in importance to compactness and high power 
ratings. 
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The pressures commonly found in American practice are substantially 
as follows: 


Type of Engine 

Range in 
Pressure 
(Gage) 

Average 

Simple slow-specd (standard tjrpe) 

60-120 

90 

Simple high-speed (standard type) 

70-1.25 

100 

Simple, uniflow (non-condensing) 

115-225 

160 

Simple, uniflow (condensing) 

125^225 

175 

Compound high-speed, non-condensing 

100-180 

1,50 

Compound high-speed, condensing 

100-180 

150 

Compound slow-speed, condensing 

125-200 

170 

Triple expansion, condensing 

140-250 

200 

Quadruple expansion, condensing 

175-300 

250 


lu correcting performance data from observed initial pressures to 
“ standard conditions as specified by contract or under guarantee, 
manufacturers use so-called correction factors ” which are based on 
actual tests or are calculated from the performance of the perfect engine 
using assumed or observed Rankine cycle efficiencies. These factors, of 
course, should be agreed upon by the parties interested, because they 
vary with type and design of engine, load, and initial and final steam 
conditions. For example, a manufacturer of a well-known line of four- 
valve high-speed non-condensing engines uses the following correction 
factors: Corrections in water rate at full load for varying initial pressures; 
200 lb. deduct 5 per cent; 175 lb. deduct 3 per cent; 150 lb. (“ standard,’^ 
no correction); 125 lb. add 5 per cent; 100 lb. add 8 per cent; 75 lb. add 
12 per cent. 

Example 36. — A single-cylinder, single-valve, non-condensing counter- 
flow engine gave the following results under test conditions: Initial gage 
pressure, 100 lb. per sq. in.; initial quality, 99 per cent; atmospheric 
exhaust; water rate at rated load 30 lb. per i.hp-hr. Calculate the water 
rate under guaranteed conditions of 150 lb. initial pressure and dry steam, 
assuming that a reduced Rankine cycle efficiency of 10 per cent at the 
higher pressure was agreed upon. 

Solution. — Actual Rankine cycle efficiency, equation (143) 

_ 2547 2547 

W(Hi ~ Hn) 30 (1180 ~ 1030) 

The values for Hi and Hn corresponding to 100 lb. pressure and atmos- 
pheric exhaust may be conveniently taken from the Mollier diagram. 

Rankine cycle efficiency at 150 lb. pressure, as per agreement. 

- 0.566 — 10 per cent of 0.566, or 0.51 approximately. 
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Water rate at 150 lb. pressure and dry steam may be calculated from 
equation (143), by substituting E - 0.51 (as per preceding calculation), 
Hi = 1195 (heat content of dry steam at 150 lb. gage pressure) and H„ = 
1016 (heat content at atmospheric pressure after adiabatic expansion 
from initial conditions), thus: 

0 51 - 2547 

" W (1195 - 1016) 

TF = 28 lb. per i,hp-hr., water rate under “ guarantee conditions. 

184. Increasing Botatire Speed. — High rotative speed does not 
necessarily mean high piston speed. An 8-in. by 10-in. engine running 
at 300 r.p.m. has a piston speed of only 500 ft. per min., whereas a 
36-in. by 72-in. Corliss running at 60 r.p.m. has a piston speed of 720 ft. 
per min. The classification high speed and “ low speed refers 
to rotative speed only, the former above and the latter below, say 150 
r.p.m. 

On account of the reduction of thermodynamic wastes, a high-speed 
engine should give theoretically a higher efficiency than the same engine 
at a lower speed, all other conditions being the same. The effect of 
speed upon economy is decidedly marked in engines and pumps taking 
steam full stroke. For example, tests of a 12-in. by 7 1/4-in. by 12-in. 
simplex direct-acting steam pump at Armour Institute of Technology 
showed a steam consumption of 300 lb. per i.hp-hr. at 10 strokes per 
minute, and only 99 lb. at 100 strokes per minute. 

Tests of engines using steam expansively, however, do not furnish con- 
clusive evidence on this point, some showing a decided gain (Peabody, 
‘‘ Thermodynamics,’^ p. 425), others little or no gain (Barrus, “ Engine 
Tests,” p. 260). For example, a small Willans engine showed an increase 
in economy of 20 per cent on increasing the rotative speed from 111 to 
408 r.p.m. (Peabody, Thermodynamics,” p. 402), whereas the com- 
pound locomotive at the Louisiana Purchase Exposition showed a loss in 
economy for the higher speeds (Publication by the Pennsylvania Railroad 
Company). On the other hand, a comparison of the performances of high- 
and low-speed Corliss engines shows little difference in economy, and a 
general comparison between high- and low-speed engines furnishes little 
information, since nearly all high-speed engines are of a different class 
from the low-speed ones. High-speed engines are comparatively small 
in size, require larger clearance voliune, and are usually fitted with a 
single valve. Rotative speed is limited by design, material, workman- 
ship, and cost of subsequent maintenance. Speeds of 600 r.p.m. and 
more are not unusual with single-acting engines, whereas 300 r.p.m. is 
about the limit for double-acting machines with strokes over 12 in. in 
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length. A comparison of tests of high-speed and low-speed engines in 
this country, irrespective of design and construction, shows the former 
to be less economical than the latter in most cases. In Europe, high- 
speed engines are developed to a high degree of efficiency, and their per- 
formances are comparable with the best grade of low-speed engines. 

High-speed engines as a class have the advantage of being more compact 
for a given power, are simple in construction and relatively low in first 
cost; on the other hand, they are subject to comparatively rapid de- 
preciation, excessive vibration, and are usually less economical in steam 
consumption. 

185. Decreasing Back Pressures. — In the non-condensing engine 
the minimum back pressure is that of the atmosphere (the Stumpf exhaust- 
ejector type engine excepted), and the back pressure in the condensing 
type is limited only by the degree of vacuum developed in the condenser. 
If pistons, valves, and stuffing boxes are tight and the steam passages are 
of ample area, the power developed by a given weight of steam will in- 
crease as the back pressure is decreased, or, for a given output, the water 
rate will decrease with the decrease in back pressure. The higher the 
ratio of expansion, the greater will be the effect of a given variation in 
back pressure. 'For this reason, non-condensing engines as a class are 
less influenced by variations in back pressure than are condensing engines 
by equivalent variations in vacua. For a given mean effective pressure, 
however, the influence is the same in both classes of service. With each 
type and grade of engine and initial steam conditions, there is a back 
pressure at which maximum economy is effected, but this critical point 
can only be determined by actual test. For example, a small high-speed 
non-condensing piston engine in the laboratories of the Armour Institute 
of Technology showed a minimum water rate at a vacuum of 22 in. (re- 
ferred to 30-in. barometer) while the best performance of a small cross- 
compound Corliss was obtained with a 26-in. vacuum. Both engines 
were supplied with saturated steam at an initial pressure of 125 lb. abs. 
On the other hand, a small experimental engine designed for high initial 
pressures, vacuum, and superheat showed decreasing water rates up to 
the maximum vacuum obtainable, 28.6 in. (See Table 62.) Back pres- 
sures effecting minimum water rates are not necessarily the most economi- 
cal from an overall standpoint, because the heat of the liquid at exhaust 
and the steam equivalent of the power required to produce the vacuum, 
to say nothing of the additional fixed and operating charges, have not 
been considered. If the condensate is discharged to waste, the water 
rate (neglecting fixed and operating charges for the condenser equipment) 
is a true measure of the heat economy, but if the heat of the exhaust is 
reclaimable the point of minimum heat consumption is not necessarily 
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coincident with that of the minimum water rate. This is clearly shown 
by the curves in Fig. 252, which, though strictly applicable to a specific 
case, are characteristic of counterfiow engines in general. Referring to 
Fig. 252 it will be seen that the minimum water rate corresponds to a 
vacuum of 28 in. but the net heat supplied per unit output corresponds 
to a 21-in. vacuum. If the steam equivalent of the power required to 
operate the condenser equipment were deducted from the water rate or 
net heat supplied, the point of most economical performance would 
probably be at a still lower vacuum. Engines under 200 hp. rated ca- 
pacity are seldom operated condensing, because the cost, fixed and opera- 
ting, of producing the vacuum usually exceeds the gain in heat economy. 



Fig. 252. 


Where there is a large demand for exhaust steam for heating or other 
industrial purposes, the engines are generally of the non-condensing type; 
but where only a portion of the exhaust is required, the compound condens- 
ing engine is often the better investment. In the latter case, steam for 
heating is bled from the receiver. Single-cylinder condensing engines 
may be bled at any point during the forward stroke, but this is not com- 
mon practice because of the added complication of the bleeder control. 
(See paragraph 212.) The reduction in water rate, neglecting the weight 
of steam required to produce the vacuum, which may range from 1 to 10 
per cent of the main engine steam, varies with the type and size of engine 
load, reduction in back pressure, and initial steam conditions. Some idea 
of the influence of condensing on the water rate of small counterflow 
reciprocating engines may be gained from the data in Table 59. The 
curves in Fig. 271 show the performance of the uniflow engine when 
operating condensing and non-condensing, and those in Fig. 267 show 
the comparative results of large cross-compound counterflow engines. 
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Corrections for back pressures may be made in a manner similar to 
those for initial pressures, as discussed in paragraph 183. 

A manufacturer of a well-known line of high-speed four-cylinder non- 
condensing engines gives the following correction factors for increasing 
back pressures: 

Corrections for Increased Back Pressures at Full Load. Add to the 
water rate for each 1 lb. back pressure above atmosphere; 1 per cent at 
200 lb. initial pressure; 11/4 per cent at 175 lb.; 11/2 per cent at 150 
lb.; 2 per cent at 125 lb.; 2 1/2 per cent at 100 lb.; and 3 per cent at 75 
lb. 

Example 37. — A manufacturer of a line of simple Corliss engines 
guaranteed a water rate of 18 lb. per i.hp-hr. at rated load for initial 
gage pressure of 125 lb. per sq. in., dry steam at admission, and vacuum 
of 26 in., referred to 30-in. barometer. If the best vacuum obtainable 
imder test conditions is 24 in., what would be the water rate in order to 
meet the guarantee? An increase of 5 per cent in Rankine cycle eflBi- 
ciency was agreed upon for the reduced vacuum. 

Solution. — From steam tables, the initial heat content at 125 lb. gage 
pressure is found to be 1192.2 B.t.u. per lb. From the Mollier diagram, 
or by calculation, the heat content at the end of adiabatic expansion to a 
26-in. vacuum is found to be 921 B.t.u. per lb. Substituting these values 
in equation (143), noting that W = 18, and solving for E, we have 

E = 2547 18 (1192.2 — 921) == 0.523, Rankine cycle efficiency under 

guarantee conditions. 

Rankine cycle ratio at 24-in. vacuum by agreement = 0.523 + .05 X 
0.523 = 0.55 approx. 

Substituting this value for E in equation (143) and 954 = !!„ for the 
final heat content corresponding to a 24-in. vacuum, we have 

0.55 = 2547 W (1192.2 - 954) 

W = 19.5 lb. per i.hp-hr. 

186 . Superheating. — The theoretical gain due to the use of super- 
heat is comparatively small, as will be seen from Table 60. Considering 
the additional expense of equipment and maintenance of superheating 
apparatus the ultimate gain would appear to be a negative quantity. 
Practically, however, the heat economy of the piston engine is greatly 
increased by superheating. This apparent anomaly is due to the fact 
that the theoretical engine is assumed to operate in a non-conducting cycle 
and no condensation takes place except in doing work, whereas in the 
actual mechanism the cylinder .is far from being non-conducting and con- 
siderable initial condensation takes place. The reduction of cylinder con- 
densation due to the use of superheated steam is the principal reason for 
the marked gain in economy of the actual engine. The greater the cylinder 
condensation, the larger is the saving possible. As a rough approximation, 
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the steam consumption is reduced about 1 per cent for every 10 deg. 
fahr. increase in superheat, but the actual value depends upon the type 
and size of engine and the initial condition of the steam. In American 
practice superheat corresponding to a total steam temperature of 660 to 
690 deg., fahr. appears to be the limit of commercial economy, but in 
Europe temperatures as high as 850 deg. fahr. have been employed with 
apparent ultimate economy 


TABLE 59 

EXAMPLES OF THE EFFECT OF CONDENSING ON THE ECONOMY OF SMALL 
RECIPROCATING ENGINES 


Refer- 

ence 

Num- 

ber 

Non-Condensing 

Condensing 

Increase Due 
to Condensing 

Initial 

Oage 

Pressure 


Steam 
Consump- 
tion, Lb. 
per Hp-hr. 

Initial 

Gage 

Pressure 

Back 
Pres- 
sure, 
Lb per 
Sq. In. 
Abs. 

Horse- 

power 

Devel- 

oped 

Steam 
Consump- 
tion, Lb. 
per Ilp-hr. 

In 

Power, 

Per 

Cent 

In 

Econ- 

omy. 

Per 

Cent 

1 

147 

54.7 

19.2 

149 

1.6 

83.4 

14.8 

52.5 

25 

2 

148 

540 

19.3 

147 

4 


16.9 

* 

12.5 

3 

126 

83 

23.8 

130 

7.4 

116 

19.1 

39.8 

19.7 

4 

67.6 

209 

28.9 

67 

4.5 

213 

22 

1.9 

23.5 

5 

103.8 

177.5 

22.1 

103.8 

1.2 

155 

16.5 

* 

25.1 

6 

114 

160 

31 

114 

. . . 

168 

27 

2 

12.9 

7 

96 

120 

23.9 

96 

4 

145 

19.4 

20.8 

18.8 

8 

118 

267 

23.24 

119 

4.2 

276.9 

16 

3.7 

31 

9 

76.9 

310 

25.6 

79 

6.4 

336 

20.5 

8.7 

19.9 

10 

62.6 

451 

30.1 

63.6 

7.8 

444 

23 

■ft 

23.6 

11 

186.7 

40.4 

18.7 

184.6 

1.6 

29.8 

12.7 

■ft 

32 


* Cut-off changed for best economy. 


TABLE 60 

THEORETICAL EFFICIENCIES AND WATER RATES 


Rankine Cycle —■ Superheated Steam 
Initial Pressure 200 Lb. per Sq. In. Abs. 


Superheat, 

Deg. Fahr. 

Efficiency 

Water Rate 

Condensing* 

Non-condensing 

Condensing* 

Non-condensing 

0 

31.88 

18.60 

6.94 

13.44 

50 

32.03 

18.71 

6.72 

12.96 

100 

32.24 

18.92 

6.62 

12.49 

150 

32.49 

19.18 

6.34 

12.03 

200 

32.77 

19.51 

6.16 

11.57 

250 

33.09 

19.89 

5.98 

11.10 

350 

33.81 

20.76 

5.67 

10.20 

400 

34.20 

21.25 

5.48 

9.77 

500 

35.04 

22.12 

5.16 

9.00 


* Absolute back pressure 0.5 lb. per sq. in. 

I 
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So far as steam consumption per unit output is concerned, all engines 
of whatever type and size show greater economy with superheated, steam 


than with saturated 
steam, and the economy 
increases with the 
superheat up to the 
maximum temperature 
at which the plant can 
be operated; but when 
the extra investment 
and operation costs are 
considered, the maxi- 
mum commercial econ- 
omy measured in dol- 
lars, and cents usually 
occurs at a temperature 
considerably lower than 
this maximum. 

The higher the super- 
heat, the less will be 
the influence of the size 
of engine on the water 



Superheat, Degrrees Fahrenheit 

Fig. 253. 


rate, and if sufficient superheat is put into the steam, all sizes of engines 



of given type and 
design will probably 
have the same water 
rate. This is illus- 
trated by the curves 
in Fig. 253, which, 
though strictly ap- 
plicable to the par- 
ticular type of en- 
gines tested, are 
characteristic of en- 
gines in general. 

The higher the 
superheat, the less 
will be the influence 
of cylinder condensa- 
tion on the water 
rate and the flatter 


will be the performance curve. This is shown by the curves in Fig. 254. 
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A few typical performaace curves showing the influence of superheat 
on different types of counterflow engines are shown in Figs. 253 to 255. 
See Fig. 262 for influence of initial superheat on the performance of a 
uniflow engine. 



Fig. 255. Comparative Water Rates of a Corliss and a Poppet Four-valve, 
High-Speed Engine. 


187. Jacketing. — A few years ago it was common practice to make 
the walls of the cylinder double and fill the space with steam at boiler 


Indicated Horsepower 



Fig. 256. Influence of Superheat on the Water Rate of a 16-in. by 22-in. 
Ideal ” Corliss Engine. 


pressure. In some designs the cylinder heads were also jacketed. The 
function of the jacket is to reduce cylinder condensation with a view of 
reducing the surface losses. With certain types of engines there are 
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conditions under which the net heat supplied per unit output is less with 
the jackets in commission than when operating without them, while with 
others there is little or no improvement. The larger the area of inner 
surfaces exposed to the action of the working steam, the greater will be 
the benefits from jacketing. Increased speed, lower ratios of expansion, 
and larger units tend to reduce the surface losses and hence the effects 
of jacketing. High speed dampens the temperature fluctuation of the 


TABLE 61 

PERFORMANCE OP AN EXPERIMENTAL QUADRHPLE EXPANSION PISTON ENGINE WITH 
HIGH INITIAL TEMPERATURES, SUPERHEAT, AND INTERMEDIATE SUPERHEATING 
(Zeit. d. Vor, dout. Iiigr , July 2, 1921, p. 718) 


Cylinder, diam. in 

Stroke, in 

Initial pressure, lb. abs 

Initial superheat, deg. fahr 

Exhaust temperature, dog. fahr. . . 

M.e.p., lb. per sq. in 

I.hp 

Water rate, lb. per i. hp-hr 

Rankine cycle efficiency per cent. 


Total i.hp 

Combined water rate, lb. per i. hp-hr 

Combined heat consumption, B.t.u. per 
i. hp-hr 


H.P. Cyl. 

l.P. Cyl. 
(1) 

l.P. Cyl. 
(2) 

L.P. Cyl. 

5.3 

9 5 

11.2 

26.8 

15 7 

15.7 

23.6 

23.6 

793.8 

246.9 

67.3 

11.3 

815 

568 

536 

436 

572 

365 

212 


301.3 

58 9 

8.2 

‘ 4.9 

35 2 

27.7 

36.7 

47.7 

21.5 

27 3 

20 6 

15.8 

91 

79.8 

78 6 

80.0 


147.4 

Vacuum, in. Hg. . 

28.6 

5.12 

Combined Rankine 



eye. eff., per cent 

81.7 

8197 

Combined thermal 



eff., per cent 

31 


walls, low ratios of expansion increase the mean wall temperature, and 
the larger sizes have a higher ratio of volume to surface. For this reason 
large, high-speed, heavily loaded engines show the least gain from jacket- 
ing. Jacketing has the greatest effect in low-pressure cylinders, since 
the surface losses, temperature gradient, and the ratio by weight of jacket 
to working steam, are large. Tests conducted on triple-expansion engines 
with a view of ascertaining the influence of jacketing show that there is 
no gain in the high-pressure, very little in the intermediate, but a large 
gain in the low-pressure cylinders. Head jackets are usually more effec- 
tive than cylinder jackets. In this country, jackets are seldom used 
except in connection with triple-expansion counterflow and single-cylinder 
uniflow engines, because better results may be obtained by initial super- 
heating. A revival of the steam jacket for small single-cylinder counter- 
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flow engines has been stimulated by the Prosser “ High-economy ” engine 
in which the cylinder, heads, piston, ports, and valve chest are all jacketed 
with live steam. Figure 257 shows a longitudinal and Fig. 258 a trans- 



Fig. 257. Longitudinal Section through Cylinder of Prosser 
“ High-economy ” Engine. 

verse section through the cylinder of this engine. Two plain steam- 
tight piston valves control the admission and the exhaust, each operated 

by its own eccentric on the engine 
shaft. In other respects the engine 
differs but little from any low-clear- 
ance high-speed automatic engine. 
Some idea of the exceptional economy 
of this design may be gained from 
the curves in Fig. 259 which were 
plotted from tests conducted at 
Purdue University on an experimental 
engine which was far from being 
mechanically correct. 

The cylinders and heads of the 
modern high-speed, multi-cylinder, 
vertical uniflow engine are com- 
pletely jacketed. This type of unit 
is finding increasing favor with en- 
gineers because of its high heat economy, reduced floor-space requirements 
and freedom from vibration. 

188 . Receiver Beheaters: Intermediate Reheating. — The receivers be- 
tween the cylinders of multi-expansion engines are frequently equipped 
with heating coils, the function of which is to superheat the exhaust 



Fig. 268. Prosser ** High-economy ” 
Engine — Transverse Section through 
Cylinder. 
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steam before delivering it to the cylinder immediately following, with a 
view of reducing the losses occasioned by cylinder condensation. The 
coils are supplied with live steam under boiler pressure and may serve t© 
evaporate a portion of the moisture or to actually superheat the steam 
supplied to the following cylinder. The question of the propriety of using 
reheaters for saturated steam is an open one, since reliable data relative 
to their use are meager and discordant. The conditions under which 



60 100 160 200 
Indicated ITocsepowar 

Fig. 259 . 


the few recorded test^ were made are too diverse t^ warrant definite 
conclusions. Some show an appreciable gain in economy, others a de- 
cided loss. A reheatcr is of little value in improving the thermodynamic 
action of the engine, and is probably a loss unless it produces a superheat 
of at least 30 deg. fahr.; to be fully effective it should superheat above 
100 deg. fahr. (L. S. Marks, Trans. A.S.M.E., 25-500.) The effective- 
ness of the reheater will evidently be increased by the removal of the 
greater portion of the moisture from the exhaust steam before it enters 
the receiver. In the 5500-hp. engine at the Waterside Station in New 
York, it was shown that both jackets and reheaters, either together or 
alone, were practically valueless, throughout the working range of load. 
(Powery July, 1904, p. 424.) Many similar cases may be cited which 
show no gain in economy with the use of the reheaters. In all cases the 
reheater effects a great reduction in the condensation in the low-pressure 
cylinders, but the resulting gain, considering the condensation in the 
reheater coils, may be little, if any. On the other hand, with properly 
proportioned reheaters, the gain may be considerable, particularly with 
superheated steam. Practically all European engines operating with 
highly superheated steam are equipped with receiver-reheaters. Some 
idea of the exceptional economy effected with high initial pressure and 
intermediate superheating may be gained from the data in Tables 61 
and 62. The values in Table 62 are based upon tests of a 11.1-in. and 
26.5-in. diameter by 23.4-in. stroke tandem-compound experimental 
engine {Zeit. d. Ver. devJt. Ingr., July 2, 1921). As pressures advance, 
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the reheating cycle becomes more advantageous, as is evidenced by the 
latest steam-turbine projects in which initial pressures of 1200 lb. per 
sq. in. are contemplated with reheating between the high- and low-pres- 
sure imits. In the locomobile types of engine plant, the intermediate 
reheating is effected by heating coils placed in the path of the furnace 
gases, and, in the latest steam-turbine plant, superheaters of the duplex 
type are to be employed for reheating purposes. 

In triple-expansion pumping engines, rcceiver-rehcaters are found to 
effect an appreciable gain in economy, and practically all such engines 
are equipped with them. In piston engine plants where the load is 
a widely fluctuating one, the reheater has been virtually abandoned. 
Apart from the consideration of fuel economy, all tests show a marked 
increase in the indicated power of the low-pressure cylinder (5 to 15 per 
cent) and to that extent it increases the capacity of the entire engine. 

189. Compounding. — If the entire expansion, instead of being 
effected in a single cylinder, is allowed to take place in two or more cylin- 
ders, the engine is said to be compounded.^’ The term compound ” 
without qualification, however, refers only to the two-cylinder arrange- 
ment. If expansion takes place in three stages the engine is known as a 
triple-expansion engine; similarly, the four-stage machine is called a 
quadruple-expansion engine. When high-pressure steam is admitted 
into a single engine of the ordinary double-flow type and expansion is 
carried down to a comparatively low point, a large portion is condensed 
by the metal surfaces; at the end of the stroke and during exhaust, some 
of the water is re-evaporated, but the steam so formed is discharged 
without doing useful work. If the same weight of steam is expanded 
through the same pressure range in a multi-expansion engine, the tem- 
perature range in each cylinder will be less, initial condensation will be 
reduced, and part of the heat lost in the first cylinder by leakage and 
clearance will do work in the second cylinder, and so on throughout each 
stage. The higher the temperature range the more pronounced will be 
the thermal economy effected by compoimding. The number of stages 
is limited commercially because of the first cost, complexity, cost of lubri- 
cation, attendance, and maintenance. 

Cylinder ratios for high-speed, single-valve, compound engines vary 
from about 1 to 2 1/2 with 100 lb. pressure to about 1 to 3 with a pressure 
of 150 jb., and for low-speed condensing engines from 1 to 3 with 125 lb. 
pressgl^ to about 1 to 4 with a pressure of 175 lb. G. I. Rockwood recom- 
mend^ ratio as high as 1 to 7, and a number of enpnes designed along 
this line have shown exceptional economy. For variable-load operation, 
two stages appear to give the best ultimate economy. In case of very 
large condensing engines, the last stage consists of two cylinders because 
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of the unwieldy and costly size of a single unit. For constant loads, as 
in pumping stations and large marine installations, three and four stages 
appear to be the best investment. The ratio of expansion for a multi- 
expansion engine is the ratio of the volume at release in the low-pressure 
to that at cut-off in the high-pressure cylinder. Commercially, it is usually 
taken to be the ratio of the volume of large to small cylinder divided by 
the fraction of the stroke at cut-off in the high-pressure cylinder. For 
example, a compound engine with cylinders 24-in., 48-in. by 48-in., cut- 
ting off at 1/3 in the high-pressure cylinder, has a nominal ratio of expan- 
sion of 4 -r- 1/3 = 12. The number of expansions at rated load in multi- 
expansion condensing engines varies wide!;', ranging from 10 to 33, with 
an average not far from 16. 


TABLE 62 

TANDEM-COMPOUND ENGINE, OPERATING WITH SUPERHEATED STEAM AND INTER- 
STAGE SUPERHEATING, WITH LARGE RATIO OP EXPANSION IN L.P. CYLINDER 


Date of Test 

/ 

Mar. 9, 
1921 

Feb. 25, 
1921 

Mar. 2, 
1921 

Apr. 2, 
1921 

Revolutions per minute 

146.0 

145.6 

145.2 

145.6 

Mean effective pressure, h.p. cyl., Ib 

17.1 

19 2 

19.1 

19.1 

Mean effective pressure, l.p. cyl., lb 

5.45 

5.14 

5.38 

5.26 

Indicated horsepower, h.p. cyl 

60.2 

53 3 

51.6 

52.3 

Indicated horsepower, l.p. cyl 

52 2 

49.0 

51.0 

60.1 

Total indi(;ated horsepower 

102 2 

102 3 

102.6 

102.4 

Initial steam pressure, lb. abs 

110 2 

110 2 

117 6 

122.0 

Pressure entering l.p. cyl., lb. abs. 

13 9 

16 1 

18 3 

19.8 

Vacuum, inches of mercury 

28 3 

26 5 

26.0 

25.6 

Initial steam temperature, deg. fahr 

60 S 

600 

617 

581 

Final steam temp., h.p. cyl., deg, fahr . . 

266 

268 

293 

268 

Initial steam temp., l.p. cyl., deg. fahr.. 

413 

413 

428 

425 

Hourly total steam consumption, lb. 

815 1 

884 4 

895.4 

916.3 

Steam consumption per i,hp-hr.. 

7 98 

8 64 

8 73 

8 93 

Total heat consumption per i.hp-hr , B.t.u.. 

11,175 

12,078 

12,236 

12,414 

Rankine efficiency, h.p. cyl., per cent . 

78 

81 2 

78.5 

82.3 

Rankine efficiency, l.p. cyl., per cent 

80 

81.2 

85.0 

81.8 

Rankine efficiency of engine, per cent . . . 

80 

83 

84 

84.2 


The respective advantages and disadvantages of compounding may be 
tabulated as follows: 


Advantages 

1. Possibility of high range of expansion. 

2. Decreased cylinder condensation. 

3. Decreased clearance and leakage losses. 

4. Equalized crank effort. 

5. Increased economy in steam con- 

sumption. 


Disadvantages 

1. Increased first cost due to multipli- 

cation of parts. 

2. Increased bulk. 

3. Increased complexity. 

4. Increased Wear and tear. 

5. Increased radiation lo^. 
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190. Uniflow Cylinders. — By placing the exhaust ports midway of 
the length of the cylinder, as shown in Fig. 260, the steam will be forced 
to flow through the cylinder in one direction only. Combining this feature 
with high-grade steam-tight inlet valves, minimiun clearance volume, and 
steam-jacketed heads, we have the principle characteristics of the modem 
uniflow engine, which, because of its remarkable heat economy, is rapidly 

supplanting the counterflow 
type for practically all classes 
of service where low water rates 
are important factors. As will 
be seen from Fig. 260, the 
double-acting straight uniflow 
engine has two steam valves, 
one at each end for admission 
of steam only, and no exhaust 
valves, the piston itself perform- 
ing this function. The piston is long, practically 9/10 of the stroke, 
and the cylinder therefore is longer than that of a counterflow engine 
of the same diameter ‘ and stroke. The exhaust ports have an area 
approximately three times that of any other type of engine, so that 
wire drawing is reduced to a minimum. Steam enters the cylinder 



Fig. 260. Principles of the Uniflow Cylinder. 




Fig. 261. Comparison of Indicator Cards for the Same Load and 
Steam Conditions. 

after it has passed through the head jacket, forces the piston to the end 
of its stroke, and discharges through the central exhaust ports. Due to 
the jacketing effect there is little or no change of temperature in the 
cylinder up to cut-off, after which expansion takes place with a consequent 
drop in temperature. This drop in temperature continues imtil exhaust 
takes place. The exhaust does not sweep over the cylinder head and 
other surfaces at the inlet end as in the counterflow engine; hence the 
surfaces are not cooled to the same extent. When the piston uncovers 
the ports, ^y water of condensation is quickly swept from the cylinder, 
and the steam trapped in the cylinder at the beginning of the return stroke 
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is practically dry. The heat of compression is therefore not absorbed in 
re-evaporating moisture as in the case of the counterflow cylinder, but is 
imparted to the steam, so that with the added heat from the steam jacket 
the compression line is substantially adiabatic. This reduction of the 
surface losses enables a single uniflow cylinder to operate with as high a 
degree of expansion as compound or triple expansion counterflow cylinders, 
and with the same or even better heat economy. See Fig. 261. Head 
jackets are essential under all conditions of steani, but cylinder jackets 
are seldom used except with saturated or slightly superheated steam at 
low mean effective pressures. The influence of cylinder jackets on the 
performance of a condensing uniflow engine at varying steam tempera- 



14 18 22 26 30 34 38 42 46 50 

MeauTCffective Pressure, Lb. perSq. In. 


Fia. 262. Influence of Cylinder Jackets on the Water Rate of a Uniflow Engine 

with Varying Superheat. 

tures is shown in Fig. 262. It will be seen that the value of the cylinder 
jacket decreases with the increase in superheat and mean effective pres- 
sure and eventually results in an actual heat loss. 

The compression in the straight uniflow cylinder begins at about 10 
per cent and continues during the remaining 90 per cent of the return 
stroke. The beginning of compression is fixed and cannot be altered. 
The final pressure depends therefore entirely upon the amount of clearance 
space into which the steam is compressed and the pressure at the begin- 
ning of compression. For maximum economy, compression should be 
carried to practically initial pressure; therefore, an engine designed for 
200 lb. pressure would not operate satisfactorily if the pressure were re- 
duced to 150 lb. for the reason that the amount of compression is constant 
with fixed clearance volume and exhaust pressure. The straight uniflow 
engine is primarily intended for condensing service, because the weight 
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of steam entrapped at the beginning of compression at low condenser 
pressure is so small that the final pressure at the end of compression is 
less than the initial, even with minimum practical clearance. When, 
however, the uniflow engine is required to operate non-condensing or with 
high back pressure, the pressure at the end of compression becomes excess- 
ive unless provision is made for preventing it from doing so. Excess- 
ive compression may be prevented by increasing the clearance volume, 
delaying the beginning of compression through the use of auxiliary ports, 
and by withdrawing a portion of the steam when a certain predeterniincd 
pressure is reached. Applications of these principles to various designs 
of American uniflow engines, together with performance data, will be 
found in paragraph 197. 

191, Binary Vapors. — The efficiency of any heat engine may be 
increased by extending the range of heat availability of the working 
fluid. In practice, the range is limited by the pressure-temperature 
relationship of the working fluid. For each fluid there is a pressure and 
temperature range beyond which it is impractical to go, because of the 
physicial limitations of the materials employed in generating heat at the 
higher level, and of the physical properties of the working fluid and cool- 
ing media at the lower level. Mercury, for example, boils under atmos- 
pheric pressure at 677 deg. fahr., and under a vacuum of 28 in. at 455 
deg. fahr. The corresponding temperatures for water are 212 deg. fahr. 
and 101 deg. fahr. respectively, and for methyl alcohol 151 deg. fahr., 
and 50 deg. fahr. respectively. By employing, say, three cylinders, each 
operating through a complete cycle with a different fluid, and connected 
in such a manner that the condenser for the first fluid is the boiler for the 
second, and so on, high thermal efficiencies may be effected with com- 
paratively low pressure ranges. The oarlic^st attempts were made with 
steam as the high-temperature fluid and ether or sulphur dioxide* as the 
low-temperature fluid. While remarkable results were obtained from 
this combination compared with those of the steam engine of that day, 
they were no better than the performance of the modem high-grade 
uniflow engine. 

A 10,000 kw. mercury-vapor plant at the South Meadow power station 
of the Hartford Electric Lighting Co. gives promise of excellent commercial 
returns. The equipment comprises a mercury boiler fired with pulverized 
coal, a combination air preheater, a mercury- vapor superheater, a mercury 
economizer, a mercury-vapor turbine, a heat exchanger (mercury condenser 
and steam boiler) and a steam superheater which passes to the steam plant 
in connection with which this mercury unit operates. For a detailed 
description of this plant see Power, Apr. 12, 1927, and May 31, 1927, 
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The Mercury-steam Cycle: Power, July 6, 1926, p. 8. 

DiphenyUOxide Bi-fluid Power Plants: Power, Aug. 3, 1926, p. 184. 

The Emmet Mercury-vapor Process: Trans. A.S.M.E., Vol. 46, 1924, p. 253; Power, 
Apr. 12, 1927, p. 565; March 31, 1927, p. 818. 

Binary-vapor Engines: Sibley Jour, of Engrg., Msrch, 1902. 

192. High-Speed Single-valve Simple Engines. — This style of engine is 
made in sizes varying from 10 to 500 hp. The cylinder dimensions vary 
from 4-in. by 5-in. to 24-in. by 24-in. and the rotative speed from 400 
to 175 r.p.m. 

When ground is limited or costly and a large percentage of the exhaust 
steam is necessary for heating or manufacturing purposes, the high-speed 
non-condensing engine is suitable for horsepowers of 200 or less, being 
compact, simple in construction and operation, and low in first cost. For 
sizes larger than this, the compound or uniflow engine may prove a better 
investment, except where fuel is very cheap or large (quantities of exhaust 
steam are to be used for manufacturing purposes during the greater part 
of the year. 

Small high-speed engines are seldom operated condensing, since the 
gain due to reduction of back pressure is more than offset by the extra 
cost of the condenser and appurtenances. 

Engines are ordinarily rated at about 75 per cent of their maximum 
output. For example, a 12-in. by 12-in. non-condensing engine running 
at 300 r.p.m. with initial steam pressure of 80 lb. per sq. in. gage is nor- 
mally rated at 70 hp., though it is capable of developing 90 hp. at the 
same speed. 

The steam consumption of high-speed single-valve non-condensing 
engines at full load ranges from 26 to 50 lb. per i.hp-hr., depending upon 
the size of the unit and the conditions of operation. An average for good 
practice is not far from 30 lb. With superheated steam a steam con- 
sumption as low as 18 lb. per hp-hr. has been recorded. 

Figure 263 shows the steam consumption of a number of single-valve 
high-speed engines at various loads. The steam consumption is fairly 
constant from 50 per cent of the rated load to 25 per cent overload, but 
for lighter loads the economy drops off rapidly. The desirability of 
operating the engine near its rated load is at once apparent. The curves 
show a marked economy in favor of the larger cylinders, but the engines 
are not of the same make, and the conditions of operation are somewhat 
different. 

The most economical cut-off for a simple engine, for the steam condi- 
tions usually employed, is about one-third to one-fourth stroke when 
running non-condensing, and about one-sixth when running condensing. 

While much higher performances are recorded for well-designed high- 
speed single-valve engines, it is not advisable to count on a better satura- 
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Fig. 263. Typical Economy Curves of High-speed Smgle-valve Non-condensing 
Engines. Saturated Steam. 



Fig. 264. 
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ted steam consumption for this type than 30 to 35 lb. of steam per i.hp-hr* 
for initial pressure of 100 lb. gage or less. 

The curves in Fig. 264 give the performance of a modern, high-grade, 
unjacketed, 15-in. by 14-in. high-speed, single-valve, simple, non-con- 
densing engine at various ratings. It is not likely that this type and 
size of engine can be designed to better materially the results shown in 
the curves for the given conditions. 

In general^ when the requirements for exhaust steam are in excess of the 
steam consumption of a simple non-condensing engine^ a high-grade econom- 
ical engine is without purpose. 

193. High-speed Multi-valve Simple Engines. — The steam distribution 
in a single-valve engine may give good economy for 'a very small 
range in load but may be far from satisfactory for a wide range. 
This must necessarily be so, since admission, cut-off, release, and com- 
pression are all functions of one valve, and any change in one results in a 
change of the others. To obviate the limitations of the single valve, 
many builders design engines with two or more valves. With a two-valve 
engine, cut-off is independent of the other events, and with four valves all 
events are independently adjustable. In addition to tne flexibility of the 
valve gear, the chief feature of the four-valve engine lies in the reduction of 
the clearance volume, which is made possible by placing the valves directly 
over the ports. The valves may be of the common slide-valve, or of the 
rotary type. As a class, four-valve engines are more economical than 
those having a smaller number of valves. The advantages and dis- 
advantages of the four-valve over the single-valve engines may be tabu- 
lated as below: 

Advantages Disadvantages 

1. Better steam distribution. 1. Increased number of parts. 

2. Better regulation. 2. Increased first cost. 

3. Reduced clearance volume. 3. Requires greater attention. 

4. Less valve leakage. 

5. Better economy. 

The steam consumption of a high-speed Corliss non-condensing engine 
at full load varies from 21 to 27 lb. of saturated steam per i.hp-hr. (pres- 
sure 125-”140 lb. gage) with an average not far from 25 lb. With moderate 
superheat, the water rate may run as low as 17 lb. per i.hp-hr. The 
poppet-valve type appears to be more economical in steam consumption 
than the Corliss, and a water rate for saturated steam as low as 18.9 lb. 
per i.hp-hr. has been recorded. A very high degree of superheat can be 
used with the poppet-valve type, and water rates as low as 16 lb. per 
i.hp-hr. (initial pressure 150 lb. gage, superheat, 250 deg. fahr.) are not 
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unusual. The high-speed four-valve engine is usually operated non-con- 
densing. Rankine cycle efficiencies over 80 per cent have been realized 
with both saturated and superheated steam. An exceptional record for a 
condensing unit is reported by Lentz. With steam at 461 lb. abs. initial 
pressure and steam temperature of 1018 deg. fahr., a 100-hp. Lentz un- 
jacketed simple engine 
developed an indicated 
horsepower on a steam 
consumption of 5.67 lb. 
per hr. 

Figure 265 gives a 
comparison between a 
single-valve and a four- 
valve (Corliss type) 
high-speed engine, using 
saturated steam, and 
though the engines 
differ slightly in size, 
the conditions of opera- 
tion were comparable 
and the marked gain in 
economy of the latter over the former is apparent. Both performances 
are exceptional, and a 10 to 15 per cent greater steam consumption may 
be expected in average good practice. 

As a general rule, single-valve simple engines do not exceed 400 hp. in 
size, whereas 1000 hp. is not an uncoimnon size for the multi-valve type. 

194. Medium and Low-speed Multi-valve Simple Engine. ^ — A com- 
parison of tests of high- and low-speed single-valve engines irrespective 
of design and construction shows the former as a class to be less economical 
than the latter. With four-valve engines there is no such disparity, and 
the high-speed type has shown just as good economy as the low-speed class. 

‘Of the various types of simple, low- or medium-speed, four-valve en- 
gines, the poppet-valve appears to be the more economical in heat con- 
sumption, but so much depends upon the grade of workmanship that 
general comparisons are apt to lead to error. A comparison of the steam 
consumption of a high-speed, four-valve Corliss and a four-valve poppet 
engine, non-condensing, is shown in Fig, 255. As the size and initial 
pressure are somewhat in favor of the poppet-valve mechanism, the 
results are not strictly comparable, but the exceptional economy of both 
types Js apparent from the curves. 

195. Compound Engines. — It should be borne in mind that the 
principal object of compounding is to permit the advantageous use of 
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high pressures and large ratios of expansion, and consequently this type 
of engine need not be considered for pressui*es lower than 125 lb. per sq* 
in. gage. This does not signify that 125 lb. is the limiting pressure 
for compounding; on the contrary, compound condensing engines with 
initial pressures as low 
as 90 lb. have shown 
better heat economy 
than simple engines of 
the same capacity, but 
the thermal gain- for 
these low pressures is 
usually more than offset 
by fixed charges and 
other practical consider- 
ations. In general, com- 
pounding increases the 
steam economy at rated 
load from 10 to 25 per 
cent for non-condensing engines and from 15 to 40 per cent for con- 
densing engines. Compound engines range in size from the 100-hp. 
tandem, single-valve, automatic, high-speed, non-condensing unit to 
multi-valve, cross-compound condensing units of 4000 hp. or more. Com- 
pound engines have 
been built up to 10,000 
hp. rated capacity, but 
the steam turbine has 
practically superseded 
the piston engine for 
sizes larger than 2000 
hp. for electric power 
generation. Non-con- 
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Fia. 266. Comparison of a Simple and Compound 
Single-valve Engine. 
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pound engines of the full 
poppet-valve type, with 
superheated steam, and 
the uniflow engine are more economical in steam consumption than non- 
condensing steam turbines of the same capacity; but first cost, size, and 
attendance are decidedly in favor of the turbine, at least for sizes over 
2000 hp. Low rotative speed and reversibility, however, are pomts in 
favor of the engine, but the former may be offset by the turbine in con- 
nection with suitable reduction gearing. 

With saturated steam under the conditions found in general practice, 
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the water rate of the standard type of single-valve compound non-con- 
densing engine ranges from 22 to 27 lb. per i.hp-hr. at rated load. Since 
this type of engine as ordinarily constructed permits of only a moderate 
amount of superheat, the water rate with superheated steam is seldom 
less than 20 lb. per i.hp-hr. Condensing under a standard vacuum of 
26 in. reduces the water rate approximately 20 per cent. 

The four-valve, compound, non-condensing engine has a full-load water 
rate, with saturated steam, ranging from 17 to 22 lb. per i.hp-hr., and 
with superheated steam an economy as low as 12 lb. per i.hp-hr. has been 
recorded. Rankine cycle efficiencies as high as 83 per cent for saturated 
steam and 90 per cent for superheated steam, have been realized. 

So much depends upon the initial pressure, degree of vacuum, and initial 
temperature that general figures for condensing practice are without pur- 
pose. With saturated steam the best performances are in the neighbor- 
hood of 75 per cent of the theoretical Rankine cycle efficiency, while, 
with highly superheated steam, 85 per cent of the Rankine cycle efficiency 
has been realized. 

196. Triple- and Quadruple-Expansion Engines. — With the exception 
of the vertical triple-expansion pumping engine, compound engines 
having more than two stages are obsolete so far as American practice 
is concerned. There is no question but that multi-cylinder compound 
engines car. be built which will give better water rates than the two- 
cylinder design, in fact, the highest efficiency so far recorded for any 
steam prime mover is that of a small Schmidt experimental quadruple- 
expansion engine; but heat economy is only one of the factors entering 
into the total cost of energy. The more cylinders, the larger will be the 
unit, the more complex the mechanism, and the higher the first cost and 
cost of maintenance. P'or electric power generation, the steam turbine 
has superseded the piston engine for large sizes, and the single-cylinder 
uniflow and the two-cylinder compound counterflow have taken the place 
of the multi-cylinder compound for units under 4000 hp. While the 
vertical triple-expansion pumping engine has held first place for thirty- 
five years as the ideal pumpiilfe engine for large water works because of 
its high heat economy, reliability, and low upkeep, it is being rapidly 
replaced by the turbine-driven, geared, centrifugal pump. The latter 
occupies a cubical space of approximately one-fifth to one-sixth that of 
the former and weighs about one-tenth as much for the same capacity. 
The reduced first cost of equipment, buildings, and foimdations, and the 
saving in space usually offset the thermal gain of the reciprocating unit. 
High initial pressures and temperatures with intermediate superheating 
are favorable to the multi-cylinder compound engines, but it is not likely 
that more than two cylinders will be employed in the immediate future. 
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Some idea of the exceptional performances of vertical triple-expansion 
pumping engines may be gained from the data in Table 63. 


TABLE 63 

PEBFOBMANCB OF TYPICAL TRIPI.B-^EXPAN8ION PUMPING ENGINES 


Date of 
Teat 

Type 

Location 

Hated 
Capacity 
Millions 
of U. 8. 
Gallons 

Initial 

Gage 

Pres- 

sure 


Duty 

Lb. 

Steam 

per 

I.Hp- 

Hr. 

Per Thou- 
sand Lb. 
of Steam 

Per 

Million 

B.t.u. 

1 - 15-10 

Allis 

Milwaukee, Wis. 

12 

124.6 

Sat. 

175.4 

151.0 

10 82 

5- 2 h 00 

Allis 

Boston, Mass. 

30 

185.5 

Sat. 

178.5 

163.9 

10.33 

2 - 4 r -06 

Allis 

St. Louis, Mo. 

20 

140.6 

Sat. 

181 3 

158.8 

10.66 

4 r - 29-10 

Holly 

Albany, N. Y. 

12 

153.0 

Sat. 

182.1 



3 - 10-10 

Holly 

Frankfort, Pa. 

20 

180.2 

Sat. 

184.4 



5 - 2-09 

Holly 

Louisville, Ky. 

24 

155.1 

109 

195.0 

i^’s 

9.46 

11 - 15-18 

Holly 

Cleveland, 0. 

10 

199 3 

102 

201.6 

169.7 

8.96 

4 - 23-14 

Holly 

St. Louis, Mo. 

20 

159 4 

102 

202.6 

166.7 

9 . 77 * 

10 - 14-18 

Allis-C. 

Cleveland, 0. 

20 

206.3 

130 

211.5 

188.7 

8.89 


Date of 
Test 

Type 

R.p.m. 

Water 
Actually 
Pumped 
Millions 
of U. 8. 
Gal. 24 Hr. 

Not Hoad 
Pumped 
Against 
Lb.^r Sq. 

Indicated 

Horse- 

power 

Water 

Horse- 

power 

Thermal 
Efficiency 
Per Cent 

1 - 15-10 

Allis 

20.4 

12.430 

121 0 

673.0 

618 0 

— 

5 - 2-00 

Allis 

17.7 

30.314 

61.0 

801.5 



2 - 4-06 

Allis 

16.5 

20 070 

104.0 

859.2 



4 - 29-10 
3 - 10-10 

5 - 2-09 

Holly 

Holly 

Holly 

22.3 

20.1 

24.0 

12.193 

21.219 

24.111 

139.5 

95.7 

90.0 

925.7 


22.54 

11 - 15-18 

Holly 

27.1 

10.010 

382 . 9 t 

737.3 

672.7 

21.81 

4 - 23-14 

Holly 

Allis-C. 

20.0 

20.610 

297 . 7 t 


1074.9 

21 . 40 * 

10 - 14-18 

21.0 

20.380 

377 . 7 t 

i 4 i 7’.6 

1343.0 

24.27 


• Water Horsepower Basis. f Feet. 


197 . The UnIflow Engine. — The uniflow engine is rapidly replacing 
the wasteful single-cylinder counterflow engine and also the compound 
engine which is economical in steam consumption over a narrow range of 
load only and otherwise undesirable on account of the comparatively large 
amount of floor space that is required for its installation. This type of 
engine adapts itself to the large majority of conditions under which counter- 
flow engines are used, condensing and non-condensing, high or moderate 
(but not low) steam pressures with or without superheat, high or low 
speed, and belted or direct connected. Uniflow engines are especially 
well adapted for driving rolling mills, blowing engines, textile mills, and 
crusher plants, in addition to electric generators where an economical 
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and reliable type of prime mover of moderate size is desired. The uniflow 
engine contains considerable more material than a simple Corlis^ engine 
ef the same power; the cylinder must be larger in diameter because of the 
low mean effective pressure, and longer because of the extra length of 
piston. Furthermore, for best economy, initial pressures and tempera- 
tures are considerably higher than those commonly used with the ordinary 
single-cylinder counterflow engine; hence the first cost is 15 to 25 per cent 
greater. The steam consumption, however, is lower than with any 
type of single-cylinder counterflow engine and equal to or even better 
than that of the best compound. The water-rate curve is flat, thus 
insuring good economy over a wide range in load. The single-cylinder 

counterflow engine has 
a normal cut-off at 20 
to 30 per cent of the 
stroke, while the uni- 
flow has its best econ- 
omy and is rated at 
a cut-off ranging from 
8 to 10 per cent; and, 
since the governor 
permits of a cut-off as 
late as 60 to. 70 per 
cent, it is evident that 
heavy overloads may 
be carried when neces- 
sary. Uniflow engines 
are built with piston, Corliss, or poppet valves, though the great majority 
of American designs have poppet valves. 

In basic principle, all American-built uniflow engines for condensing 
service are identical with the standardized Stumpf design and differ only 
in details of governor, cylinder arrangement, and valve construction. For 
non-condensing service, however, the cylinders are usually equipped with 
auxiliary exhaust valves or other devices, so as to prevent excessive com- 
pression. The use of these valves tends to neutralize the effect of the 
uniflow principle, but careful tests have demonstrated that non-condens- 
ing engines thus equipped show a materially lower water rate than straight 
counterflow engines. A few well-known designs will be briefly described 
with a view of bringing out the different methods adopted for preventing 
excessive compression. 

Figure 268 shows a section through the cylinder of aMesta condensing 
tmiflow engine, illustrating the true uniflow principle as advocated by 
Prof. J. Stumpf. This particular design is constructed in single-cylinder 


© Q 



Fig. 268. Mesta Heavy-duty Condensing Uniflow 
Engine. 
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units of 500 to 600 hp., and twin-cylinder units up to 1200 hp. The inlet 
valves are of the resilient double-seated poppet-valve type, actuated by a 
non-releasing gear. The latter consists of a roller and cam driven by an 
eccentric on a lay shaft. 

Provision for releasing 
excessive compression 
in case the vacuum fails ® u 
is effected by two arti- 
ficial clearance valves, | 
opening into auxiliary 
clearance spaces, one at 1 
each end of the cylinder. | lo 
These valves are auto- I 

9 

rnatically operated by a 
pilot valve which is con- ® 
nected to the condenser 
as well as to the live 
steam line. The clear- 
ance valves automatically open when the vacuum drops, ^md automatically 
close when the vacuum is re-established. By means of this control of 
clearance, the engine can be changed from condensing to non-condensing, or 

vice versa, without inter- 
rupting the operation of 
the engine. The heavy 
pistons are of the full 
“floating type;” that is, 
they are supported by 
the piston rod which is 
extended as indicated. 

Figure 270 shows a 
section through the cyl- 
inder of a “ Universal ” 
uniflow engine intended 
primarily for non-con- 
densing service, but 

Fig. 270. Section through Cylinder of a '‘Universal” which automatically ad- 

Uniflow Engine. justs itself to condensing 

service, and trice versa, 

should occasion demand. It will be seen from the illustration that in addi- 
tion to the regulation inlet valves and central exhaust ports, two auxiliary 
ports are placed between the cylinder heads and the central port, in such 
a manner that compression will not occur until the piston closes these 
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ports. The auxiliary ports are opened and closed by mechanically opera- 
ted single-beat poppet valves, which in turn are controlled by a valve 

gear driven by a sepa- 
rate eccentric. When 
it is desired to run 
condensing, the ex- 
haust valves are made 
inactive and the engine 
in operation becomes 
a true uniflow engine. 
The operation for non- 
' L«4PerC«t’'* " condensing service is 

Fig. 271. Water Rate of a 21- by 22-in. “Universal” ^ follows: Steam 
Uniflow Engine. enters the cylinder 

through the double- 

beat inlet valves and is exhausted through the central port in the same man- 
ner as when operating condensing. On the return stroke, part of the vapor 
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Fig. 272. Murray Uniflow Engine. 

is forced through the auxiliary ports into the main exhaust pipe, until the 
piston covers the ports,'when compression begins as in any counterflow en- 
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gine. The auxiliary exhaust valves remain open during compression, but 
since the piston covers the port openings there is no escape of steam. Com- 
pression is controlled solely by the location of the auxiliary ports and not 
by the closing of the auxiliary valves. The clearance volume in this 
design is somewhat larger than if there were no auxiliary port openings, 
but the difference is small. 

In the Murray non-condensing uniflow engine, Fig. 274, the auxiliary 
valves are placed at the ends of the cylinder. These valves are mechanic- 
ally operated and may be adjusted so that compression will begin at any 



predetermined period during the return stroke. It will be seen that, 
during the return stroke of the piston and up to the point when the 
auxiliary valve closes, the steam cycle is practically that of a counterflow 
engine. This is true of all uniflow engines employing auxiliary exhaust 
valves at the ends of the cylinder, but the reduction in economy on this 
account is very small as is evidenced by actual test results. 

In the Ames “ Controlled-Compression ” uniflow engine, the auxiliary 
valves are located as shown in Fig. 273. The valves are of the double- 
beat poppet type. 

The Harrisburgh non-condensing uniflow engine, Fig. 274, is of the 
single piston-valve type in which excessive compression is controlled by 
providing “ dual clearance volume. Steam is expanded from a small 
clearance and discharged through the central exhaust ports in the m a n n e r 
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of all uniflow engines. On the return stroke, the steam entrapped by the 
piston is compressed first into a large chamber and finally, as the piston 
nears the end of the stroke, into a small clearance. The steam which has 
been compressed in the large chamber enters, by automatic action of the 



Fig. 274. Harrisburgh Dual-Clearance^* Uniflow Engine. 


valve, the cylinder at the opposite end and, mixing with the expanding 
steam on the return stroke, expands with it and passes out the central 
ports to the exhaust. It will be seen that by this action none of the ex- 
haust vapor is by-passed to waste, as is the case with auxiliary exhaust 
ports. Figure 274 shows the outer edge of the valve opening the port at 



Fig. 276. Water Rate of a Harrisburgh ‘‘Dual-Clearance** Uniflow Engine. 

the head end, thus permitting steam from the auxiliary clearance chambers 
E, 0, Ey to pass into the cylinder and mix with the expanding steam. 
The opposite end of the valve has closed the port and compression occurs 
in the cylinder and cylinder clearance only. 

The 4-cylinder high-speed uniflow engine is finding favor with engineers 
because of its high heat economy, reduced floor space, and freedom from 
vibration. 
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198. The Locomobile. — Although classified under steam engines 
the term locomobile ’’ applies to the complete power plant and not to 
the engine only. In Europe this type of plant has been developed to a 
high degree of efficiency, and with very high superheat steam consump- 
tions as low as 6.95 lb. per i.hp-hr. have been recorded, corresponding to 
a coal consmnption of 0.75 lb. coal per biake hp-hr. The locomobile is 
not much in evidence in American steam power plant practice. 

Figure 276 shows a longitudinal section through a typical locomobile 
plant. The entire plant is self-contained and requires very little floor 
space. The engine, of the compound center crank type, is set upon the 



boiler with the cylinders projecting into the ‘‘ smoke-box so as to minimize 
piping and radiation losses. Steam is generated in an internally fired 
tubular boiler at a pressure of 225-275 lb. per sq. in. gage and is super- 
heated to a final temperature of 600-700 deg. fahr. Exhaust steam from 
the high-pressure cylinder is reheated by an auxiliary superheater, ad- 
joining the main superheater, before it enters the low-pressure cylinder. 
The feedwater is heated by an economizer or reheater placed in the breech- 
ing. The condenser is of the jet type and is provided with a rotary air 
pump. In Europe the locomobile is built in various sizes ranging from 
50 to 2000 hp. 

199. Rotary Engines. — The rotary engine differs from the recipro- 
cating engine in that the piston, or equivalent, rotates about the cylinder 
axis. Its operation is entirely different from that of the steam turbine; 
in the rotary engine the static pressure of the steam actuates the piston, 
and in the turbine the momentum of the steam is imparted to the rotating 
element. 

Over 2200 patents have been issued to date on rotary engines, but 
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not a single machine has yet been able to compete with the reciprocating 
engine as regards steam economy. The advantages of the rotary engine 
are many, and for this reason innumerable inventors have been exerting 
their skill in the development of this type of prime mover; but unfortu- 
nately the impracticability of satisfactorily packing the rubbing surfaces 
has more than offset the advantages, and the commercially successful 
machine is yet to be found. ^ 

The writer has tested out various types of rotary steam engines, and 
the best has been but a poor competitor of the ordinary grade of recipro- 
cating mechanism. 

300. Selection of Type. — Modem operating conditions are so diversi- 
fied and at the same time so specialized that the selection of the type of 
piston engine best suited for a proposed installation is an increasingly 
diflBcult problem. That engineers are not agreed as to the best practice 
is evidenced by the different types of engines selected for practically 
identical operating conditions. General rules are without purpose, since 
each particular installation is a problem in itself. Floor space, capacity, 
rotative speed, cost of fuel, water rate, steam pressure, water supply, 
load characteristics, exhaust steam requirements, size of foundation, vibra- 
tion, first cost, attendance, and maintenance all govern the selection of type. 
The principal factor governing the size of units is the station load curve, 
or rather, load curves. When these load curves are known, the problem 
is a comparatively simple one, but when they must be assumed, as is 
generally the case with a new project, it is largely a matter of experience. 

Because of its compactness, low first cost, simplicity, and low main- 
tenance costs, the single-valve, single-cylinder, high-speed, non-condensing 
engine is usually the better investment in situations where the individual 
units do not exceed, say, 20() h.p. and where the larger portion of the 
exhaust can be used for heating or other purposes. If, however, con- 
siderable quantities of exhaust steam are discharged to waste, during the 
non-heating season, the single-cylinder, high-speed, four-valve, non-con- 
densing engine, or the non-condensing uniflow with auxiliary exhaust 
valves, or the equivalent, may be the more economical. If the load during 
the non-exhaust -utilizing period is fairly constant and somewhat near its 
economical rating, the four-valve counterflow engine is preferable to the 
uniflow because of its lower first cost and economy in space and founda- 
tion requirements. If, however, the load fluctuates within wide limits, 
the flat water-rate curve of the uniflow may offset the advantage in first 
cost and space requirements of the four-valve design. Uniflow^ engines 
require massive foundations and this may prove to be a serious objection 
in a small plant. Single-valve, single-cylinder engines, as ordinarily 

^ Single cylinder only. Multicylinder, high-speed, vertical units require little’ floor 
space and normal foundations. 
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constructed, are not suitable for steam temperatures over 450 deg. fahr., 
while standard designs of the uniflow type are designed for temperatures’ 
as high as 600 deg. fahr. Single-cylinder, high-speed, counterflow engines 
are seldom operated condensing because the cost of the condensing system 
is excessive compared with the increase in heat economy. 

For non-condensing service and for sizes ranging from 200 to 1000 hp., 
the choice lies between the single-cylinder, low-speed Corliss, the com- 
pound counterflow, and the single- or multi-cylinder uniflow. For low 
initial pressures and where the speed limitations permit, the simple Corliss 
is a good selection, but for high initial pressures the compound counterfiow 
and the uniflow are much more economical m steam consumption. The 
water rate curve of the uniflow is flatter than either of the others 
and therefore operates to advantage where the load departs considerably 
from normal rating. The non-releasing Corliss engine is basically a low- 
speed' machine and therefore recpiires a very heavy and expensive gener- 
ator for direct connected service. This calls for additional floor space 
and foundations and increases the size and cost of the building. For 
pressures over 125 lb. per sq. in., preference should be given to the com- 
pound counterflow and the uniflow engine. 

Condensing units over 1000 hp. rated capacity are usually of the Corliss 
type where the initial pressure does not exceed 100 lb. gage. For higher 
pressures the compound counterflow or single uniflow are ordinarily the 
better investment. Compressors, and hoisting and rolling mill engines 
are usually of the compound counterflow type, though the single-cylinder 
uniflow is finding increasing favor with many engineers. While the 
piston type of engine is still used for driving electric generators over 500 
kw. rated capacity, the majority of new installations for this service are 
equipped with turbo-generators. This is due not so much to heat economy, 
because the piston-type engine can be designed to equal if not exceed 
the performance of any steam turbine, as it is to the saving effected in 
first cost and cost of attendance. 

In case of alternating-current machinery — and the great majority of 
turbo-generators are of this type — it must be remembered that the r.p.m. 
of the generator depends upon the number of poles used in the machine 
and the frequency of the current to be generated; thus 

_ - r.p.m. X no. of poles 

Frequency or cycles ^ — (^52) 

The greater number of poles increases the diameter, which necessarily 
increases the material and cost of construction. Low-speed machines, 
therefore, cost much more than machines of higher speed and equal 
capacity. Turbo-generators are inherently high-speed machines and 
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this accounts in a large measure for their adoption in central station 
' practice. 

Sdedimt of Steam Engines: Power, Jan. 16, 1923, p. 96; May 13, 1924, p. 766. 

PROBLEMS ' 

1. A 40-hp. non-condensing piston engine uses 500 lb. ol saturated steam per hour 
when running idle and 1600 lb. per hour when operating at full load; initial pressure 
115 lb. abs. Draw the unit water-rate curve, assuming that the total water rate follows 
the Willans ** straight-line law. 

2 . A 15-inch by 18-inch poppet-valve engine uses 18.8 lb. steam per i.hp-hr. at 
rated load, initial pressure 145 lb. abs.; back pressure 0 lb. gage; initial quality 99 
per cent; release pressure 4 lb. gage; mechanical efl5ciency at rated load 91 per cent. 
Required (on both i.hp. and br.hp. basis): 

а. Heat consumption per hp-hr. 

б. Thermal eflBciency, per cent. 

c. Rankine cycle ratio, per cent. 

d. Cylinder efficiency, per cent. 

3. The Rankine cycle ratio of a compound poppet-valve engine is 90 per cent at 
full load; initial pressure, 150 lb. abs.; temperature of steam at admission, 450 deg. 
fahr.; back pressure 16.1 lb. abs. Calculate the full-load water rate, lb. per i.hp-hr. 

4 . If the exhaust from the engine in Problem 3 is used for heating purposes, required 
the full-load water rate, lb. per i.hp-hr. chargeable to power. 

6. A simple engine indicates 160 hp. on a dry steam consumption of 31 lb. per i.hp-hr.; 
initial pressure 130 lb. abs., back pressure 0 lb. gage. By shortening the cut-off, and 
by reducing the back pressure to 4-in. mercury (referred to a 30-in. barometer) the water 
rate is reduced to 22 lb. per i.hp-hr., the load remaining the same. If the condensing 
equipment requires 10 per cent of the steam supplied to the engine for its operation, 
required the net gain or loss in heat consumption per i.hp-hr. due to condensing. 

6. Which is the more economical from a heat consumption standpoint, a simple 
non-condensing engine using 26 lb. dry steam per i.hp-hr., initial pressure 100 lb. abs., 
or a compound condensing engine using 12 lb. steam per i.hp-hr., initial pressure 290 
lb. abs., superheat 350 deg. fahr., back pressure 2-in. mercury? Which is the more 
perfect of the two? 

7. A 600-hp. uniflow engine uses 11.0 lb. of steam per i.hp-hr. when operating at 
full load; initial pressure 175 lb. gage, superheat 150 deg. fahr., vacuum 26 in. If 
the Rankine cycle ratio increases 1.2 per cent for each 1-in. decrease in vacuum from 
26 in. up to a vacuum of 22 in. and decreases 1.5, 4 and 10 per cent for increase in 
vacuum from 26 to 27, 28 and 28.5 in., respectively, required the most economical 
vacuum on the net-heat supplied basis, assuming that the condensate is fed to the 
boiler at a temperature corresponding to the vacuum. 

8. A non-condensing engine uses 22.4 lb. of steam per i.hp-hr. under the following 
conditions: Initial pressure, 150 lb. gage, superheat, 50 deg. fahr., back pressure, 
17 lb. abs. It is proposed to operate this engine condensing under a 26-in. vacuum, 
100 deg. superheat and initial pressure, 125 lb. gage. If the Rankine cycle ratio is in- 
creased 5 per cent by the reduction in initial pressure, 5 per cent by the increased 
superheat, and decreased 24 per cent by the reduction in back pressure, required the 
water rate under the changed conditions. Increase and decrease in Ranine cycle 
ratios referred to Rankine cycle ratio under non-condensing conditions. 



CHAPTER XI 
STEAM TURBINES 

201. General. — In 1896 the steam turbine as a practical machine 
was almost unheard of. To-day it is the most important prime mover 
in the power world, at least insofar as the large central station is con- 
cerned. For certain classes of service, such as steel rolling mills, hoist- 
ing, reciprocating compressors, and small non-condensing electric generat- 
ing plants, the piston engine may be the better investment, but even 
this field is being encroached upon by the geared turbine and the variable- 
speed and reversing motor driven by turbo-generators. While the piston 
engine will no doubt continue to be an important factor in power genera- 
tion, it has been practically eliminated from consideration in large central 
stations. No radical changes have been made in the design of steam 
turbines during the past few years, though high steam pressures and 
temperatures have necessitated many modifications in structural details. 
As a heat engine, the steam turbine has been developed to a high degree 
of perfection, but considerable work of improvement remains to be done 
to successfully safeguard reliability of operation. Single-cylinder units 
have been constructed in various sizes ranging from a small non-con- 
densing auxiliary drive rated at less than 1 hp. to large turbo-alternators 
of 65,000 kw. rated capacity. A 3-cylinder, 208,000 kw. unit is now (1931) 
in service operation in the State Line Generating Station in Indiana. 

The theory and design of the steam turbine is fully covered in many 
excellent text books on that subject and no attempt will be made to 
discuss this phase of the subject except in a very elementary manner. A 
few basic types have been described in detail, more with the object of 
bringing out the principles involved than for purposes of design. 

A general classification of steam turbines is unsatisfactory because of 
the overlapping of the various groups, and the following chart is offered 
merely as a guide in arranging a few well-known turbines according to 
the fimdamental principles involved in their operation. 

In conformity with the practice of most manufacturers, turbines have 
been divided into three general classes, (1) impulse, (2) reaction, and (3) 
combined impulse and reaction. Strictly speaking, however, all turbines 
depend more or less upon both impulse and reaction for their operation, 
and the more suitable terms, velocity and pressure, have been proposed. 
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Impulse Type. — In the impulse type the steam is expanded in a sta- 
tionary nozzle or group of nozzles, and the heat given up by the pressure 
drop imparts velocity to the jet itself. The jet impinges against the 
vanes or buckets on a rotating wheel and gives up its kinetic energy to the 
wheel. The steam pressure is the same on both sides of the vanes or 
buckets. If the entire pressure drop takes place in one set of nozzles and 
the resulting jet is directed against a single wheel, the turbine is classified 
with the single-stage single-velocity group. The velocity of the jet is 
very high, from 2000 to 4000 ft. per sec., and for satisfactory economy the 
peripheral velocity of the wheel must also be very high, from 700 to 1400 
ft. per sec. The De Laval Class A ” turbine, the only example of this 
group, is no longer manufactured though a number are still in operation. 

If the entire pressure drop takes place in a single set of nozzles and a 
single wheel is to be used at a comparatively low speed, satisfactory 
economy may be effected by compounding the velocity. That is, the jet 
issuing from the nozzle at a very high velocity is reflected back and forth 
from the vanes on the rotor to a series of fixed reversing buckets until all 
of the available kinetic energy of the jet has been imparted to the wheel. 
The steam pressure is the same on both sides of all vanes or buckets. The 
Terry single-stage turbine is representative of this group. 

Low peripheral velocity and high efficiency may be obtained by pres- 
sute compounding; that is, expansion takes place in a series of successive 
nozzles instead of one nozzle. Only a part of the available heat energy 
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IS converted into kinetic energy in each set of nozzles. For each set of 
fixed nozzles there is a corresponding rotor. This class of turbine, fre- 
quently called the Rateau type, is substantially a series of single-velocity 
impulse turbines placed side by side. The steam pressure in each stage 
is less than that in the preceding stage. The Kerr and large-sized Curtis 
turbines are representative of this group. 

By compounding both velocity and pressure we have the multi-velocity 
and pressure type of which the Curtis turbine is the best-known example. 

Reaction Type, — In the reaction type the conversion of potential to 
kinetic energy takes place in the moving blades as well as in the fixed 
blades. Only a small portion of the heat energy imparts velocity in the 
first set of fixed blades or nozzles. The jet issuing from this set of nozzles 
impinges against the first set of moving blades at a velocity substantially 
that of the moving blades, so that it enters them without impulse. The 
moving blades are proportioned so that partial expansion takes place 
within them and the resulting increase in velocity exerts a reaction upon 
the moving blades. The expansion is very gradual and a large number 
of alternately fixed and revolving blades are necessary to effect complete 
expansion. Because of the small pressure drop in ea h stage (seldom 
exceeding 3 lb. at any one row of blades), low peripheral velocities are 
possible with high overall efficiencies. The Allis-Chalmers and American 
Brown-Bo veri turbines and the low-pressure elements of Westinghouse 
compound units are of the straight reaction type. A 160,000 kw. Brown- 
Boveri compound unit is now (1928) under construction for the Hell Gate 
Station. 

Combined Impulse and Reaction Type, — In this class the high-pressure 
elements are of the impulse type and the low-pressure elements of the 
reaction type. The Westinghouse single-cylinder high-pressure condens- 
ing turbine is typical of this class and is virtually a combination of the 
Curtis and Parsons designs. Several European impulse turbines as 
recently designed are fitted with reaction blades adjacent to the nozzles, 
showing the tendency to merge the different fundamental types. 

Turbines may be classified according to the service for which they are 
intended, as (1) high-pressure non-condensing, (2) high-pressure con- 
densing, (3) low-pressure, (4) mixed-pressure, (5) bleeder. 

Turbines may also be classified according to the direction in which 
the steam flows with reference to the rotor, as (a) axial, (6) radial, (c) 
tangential. 

Turbines may be still further classified according to method of driving, 
as (1) direct connected, and (2) geared; or according to the number of 
cylinders and their arrangement, as (o) single-cylinder, (6) multi-cylinder^ 
(c) tandem-compound, and {d) cross-compound. 
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Each of these types, with the exception of the radial-flow, is discussed 
later on in the chapter. There are no American turbines of the radial- 
flow type. 

General Elementary Theory. — A given weight of steam at 
a given pressure and temperature occupies a certain known volume and 
contains a known amount of heat energy. If the steam is permitted to 
expand to a lower pressure, it is capable of doing a certain amount of work 
which, theoretically, will be the same whether the expansion takes place 
in the cylinder of a reciprocating piston .engine, a rotary piston engine, or 
the nozzles and blades of a steam turbine. 

Let W = rate of flow of the steam, lb. per sec., 

E = energy given up by 1 lb. of steam in expanding from the 
higher to the lower pressure, ft-lb., 

Hi = initial heat content of the steam, B.t.u. per lb., 

Hn = final heat content of the steam, B.t.u. per lb. 

Then the heat drop, or heat available for doing useful work, is W{Hi 
— B.t.u. per sec. 

If the steam expands from an initial condition Hi to a final state of 
the energy Ei, available for doing work is 

El = 777.5 PF(Hi — Hn), ft-lb. per sec. (153) 

In the ideal or perfect piston or rotary engine, all of this energy is im- 
parted to the piston or equivalent and only an insignificant portion is 
utilized in imparting velocity to the steam itself. 

If, instead of acting directly on the piston of a reciprocating or rotary 
engine, the entire expansion takes place in a frictionless nozzle or the 
equivalent, then the heat drop will impart velocity to the steam itself and 
the kinetic energy, E 2 , developed by the jet will be 

E 2 = WVi^ ^ 2g, ft-lb. per sec. (164) 

in which 


Fi = velocity of the jet in ft. per sec. 

Now, if this jet is directed against the blades, vanes, or buckets of a 
turbine wheel, the force exerted by the jet against the vanes is WYilg 
lb. If the jet leaves the vanes at velocity Vn ft. per sec., it will exert a 
force in the direction of motion of — WY nig lb. The sign of Yn is negative 
because its direction is opposite to that of Y 1 . The total force, P, measured 
in lb., acting on the vanes in the direction of motion is the algebraic 
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difference of the entering and leaving force or 

P = WV,/g - (- WV^g) 

= W(V, + V„)^g (165) 

In the purely impulse turbine, the jet leaves the vanes at zero velocity; 
hence WVn/g is zero and the force exerted by the jet on the vane in the 
direction of motion is 

P = WVi/g (156) 

The work, Ea, absorbed by the vanes, assuming no losses, is the product 
of the peripheral force, P, and peripheral velocity, u (ft. per sec.), or 

Ea = Pu= Wu {Vi + V„)^g (157) 

For maximum theoretical efficiency the peripheral velocity must be 
one-half that of the jet or m = 1/2 F, or m = 1/2 (Fj — F*) if only part 
of the energy is absorbed. Substituting these values for u in equation 
(157) and reducing, we have 

Es = lF(Ft* - F„») ^ 2g (158) 

In the purely impulse turbine F« = 0; therefore, the work absorbed 
E 4 , is 

E 4 = TFFi* -i- 2g (159) 

In the reaction turbine the entire heat drop does not take place in the 
fixed or stationary nozzles, but part occurs in the fixed nozzles and the 
remainder in the moving vanes; that is, the moving vanes are in reality 
nozzles expanding steam in much the same manner as the fixed vanes or 
nozzles. 

If vi and v„ arc the respective inlet and outlet velocities of the jet relative 
to the moving vanes, it can be shown that the force, Pi, acting on the 
moving vanes in the direction of motion, is 


Pi = W(v„ -vi)^g (160) 

and the work, Ea, absorbed by the moving vanes is 

Ei = WW - ^ 2(7 (161) 

In the purely reaction turbine the jet from the stationary nozzles enters 
the moving vanes at the same velocity as the latter, or vi = zero, hence 
the work absorbed, Fj, is 


Ei - Wv^ -f- 2 g 


( 162 ) 
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If the moving vanes are considered as stationary, then for a given heat 
drop r, = Fi and Ea = Et. In other words, the work done by a given 
heat drop is the same whether the expansion takes place in fixed or moving 
nozzles. 

But El = Et; hence from equations (153) and (159) 

777.5 W (Hi - H„) = WVi^ ^ 2g 

from which 

Vi = 223.7 V Hi - H„. ‘ (163) 

A glance at equation (159) will show that if the entire heat drop takes 
place in a single nozzle or set of nozzles, very high jet velocities will result, 
and if a single set of vanes is employed to absorb the energy of the jet, the 
peripheral velocity of the rotor must also be high. In order to obtain 
high efficiencies and at the same time relatively low peripheral velocities, 
the turbine may be staged or compotmded; that is, (1) the heat drop 
may take place by degrees in a number of nozzles (pressure compounding), 
(2) the kinetic energy of the jet may be absorbed by a series of alternate 
fixed and moving vanes (velocity compounding), or (3) a combination of 
pressure and velocity stages may be employed (pressure and velocity 
compounding). 

If there are n pressure stages only, the theoretical stage velocity, 
assuming equal heat drops in each stage, is 

V, = 223.7 ViHi - H„)^n (164) 

For maximuni theoretical efficiency the peripheral velocity of the rotor, 
Vp^ is one-half the stage velocity (see equation (182)) 
or 

Vp^ Vs ^2 (165) 

If there are n' velocity stages only, then the peripheral velocity for 

maximum theoretical efficiency, Vp\ is 

Vp = 7i ^ 2n' . (166) 

Combining equations (164) to (166) and reducing, and making n = n', 
we have 

Vf = F/ (167) 

That is, for the same heat drop and number of stages, lower peripheral 
velocities may be obtained by velocity compounding than by pressure 
compounding. 

The heat supplied, heat converted to work, theoretical water rates, 

^ For most purposes it is sufficiently accurate to make 223.7 « 224. 
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and efficiencies for the various cycles employed are the same as for the 
reciprocating engine. These quantities are defined and analyzed in 
Chapter XXIII and hence need not be duplicated here. 

Equations (153) to (167) are general and are applicable to all turbines 
of whatever make. 

Heat Drop in Steam Turbines: Trans. A.S.M.E., Vol. 33, p. 325, 1911; The Engr., 
Mar. 8, 1912; U. S. Bureau of Standards, Reprint No. 167, 1911. 

203. Single-pressure, Single-velocity-stage Impulse Turbine. — This 

is the simplest type^ of steam turbine and consists essentially of a 
single wheel revolving in a single casing fitted with one or more nozzles. 
Steam is completely expanded in the nozzle or nozzles (the number de- 
pending upon the size of the turbine) from the initial to the existing back 
pressure, and the kinetic energy of the jet is absorbed by a single row of 
vanes or buckets mounted on the periphei*}'^ of the wheel. Since the total 
heat drop takes place in the nozzles, the velocity of the jet is very high 
and ranges from 2000 to 4000 ft. per sec. depending upon the initial and 
final steam conditions. For maximum efficiency the peripheral velocity 
of the wheel must be approximately half the effective ^^elocity of the jet, 
or 1000 to 2000 ft. per sec. For the small wheels employed in this type 
of machine, this is equivalent to 20,000 to 40,000 r.p.m. Such rotative 
speeds are suitable only for very high-speed apparatus and some sort of 
reduction gearing is necessary if the turbine is to drive at lower speeds. 
If the wheel is driven at speeds less than approximately half that of the 
jet, the steam will leave the vanes with high residual velocity and con- 
siderable energy will be wasted. While a great many turbines of this 
class are still in use they arc no longer manufactured primarily because 
of the high rotative speeds. 

The De Laval “ Class A ” turbine is the best-known application of the 
single-pressure, single-velocity, impulse principle. A section through the 
casing and wheel is shown in Fig. 277. The rotor or wheel consists of a 
high-carbon steel disc fitted with a single row of drop-forged steel blades, 
and mounted on a light flexible shaft. A flexible shaft is employed be- 
cause it is mechanically impossible to establish perfect rotative balance 
at very high speeds. The flexible shaft permits the wheel to gyrate ’’ 
about its center of gravity instead of being forced to rotate about its 
geometrical center as would be the case if a rigid construction were used. 
The casing is of cast steel and encloses the wheel. The nozzles are inserted 
in the casing as shown in detail in Fig. 278. The blades are made with a 
bulb shank and fitted into slots milled in the rim of the wheel. The 
flanges at the outer end of the blades are brought into contact with each 
other and calked so as to form a continuous ring. The governor is of the 
centrifugal type and controls the speed by throttling the steam supply. 
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The operation of the turbine is as follows: Steam enters the steam 
chest, Fig. 277 and Fig. 278, through the governor valve and is distributed 
to the various adjustable nozzles, varying in number from 1 to 15 accord- 
ing to the size of turbine. In the earlier types the nozzles were uniformly 



distributed around the circumference, but, in the later types, are arranged 
in groups. As illustrated in Fig. 278, the nozzles are placed at an angle 
of 20 degrees with the plane of the disc. The steam is expanded in the 
nozzles to the existing back pressure before it impinges at high velocity 
against the blades. After giving up its energy, the steam passes into the 
body of the casing and out through the exhaust opening. 



Pia. 278. Nozzle Arrangement, De Fia. 279. Turbine Blading, De Laval 
Laval “Class A” Turbine. “Class A” Turbine. 

** Class A ” De Laval turbines have been built in sizes ranging from 
17 to 700 hp. The diameter of the wheel varies from 4 in. in the smallest 
1 ^ to 30 in. in the largest. The speeds vary from 10,600 r.p.m. for the 
largest size to 30,000 r.p.m. in the smallest, corresponding to the peripheral 
velocities of 1310 to 520 ft. per sec. respectively. The speeds are reduced 
by the gearing 10 to 1. 
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While this particular type of turbine is no longer constructed, the 
elementary theory involved will be discussed at some length because the 
same principles apply to all types of impulse turbines and the fewness of 
parts permits of simple analysis. 

The maximum theoretical power developed by a jet of steam flowing 
through a nozzle is dependent only upon the weight of steam flowing per 
unit of time and the discharge or spouting velocity. Therefore, the higher 
the spouting velocity for a given rate of flow the greater will be the power 
developed and the higher the efficiency. 

The maximum weight of steam discharged through a nozzle of any shape 
and for a given initial pressure is determined by the area of the narrowest 
cross section or throat. 

To obtain the maximum velocity at the exit or mouthy for a given rate of 
flow, the nozzle should be proportioned so that expansion to the external 
pressure into which the nozzle delivers shall take place within the nozzle 
itself. If expansion in the nozzle is incomplete, sound waves will be pro- 
duced and there will be irregular action and loss of energy. On the other 
hand, if expansion in the nozzle is carried below that of the external pres- 
sure at the mouth, sound waves will be produced with subsequent loss of 
energy even greater than in the former case. 

Experimental and mathematical investigations indicate that the pres- 
sure at the narrowest section of an orifice or the throat of a nozzle through 
which steam is flowing falls to approximately 0.58 of the initial absolute 
pressure (with resultant velocity of about 1400 to 1500 ft. per sec.) and 
any further fall in pressure must take place beyond the narrowest section. 
Thus, for back pressures greater than 0.58 of the initial (conveniently 
taken as 3/5), maximum exit velocity may be obtained from orifices or 
nozzles of uniform cross section or with sides convergent. For back pres- 
sure less than 0.58 of the initial, the nozzle must first converge from inlet 
to throat and then diverge from throat to mouth in order to obtain maxi- 
mum velocity. Without the divergent portion of the nozzle, the jet will 
begin to spread after passing the throat, and its energy will be given up in 
directions other than that of the original jet. 

Figure 280 shows a section through a theoretically proportioned ex- 
panding nozzle. The cross section of the tube at any point n may be 
calculated by means of equation 

An = WSn ^ Vn ( 168 ) 

in which 

An = area in sq. ft., 

W = maximum weight of steam discharged, lb. per sec., 

Sn = specific volume of the steam at pressure P„. 

For wet steam S„ = XnUn + 
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in which 

Xn = quality of steam at pressure P„ after adiabatic expansion from 
pressure Pi, 

Un = specific volume of saturated steam at pressure P„, 
a = volume of 1 lb. of water corresponding to pressure Pn. 

This quantity is very small compared with that of the steam, and may 
be neglected. 

V„ = 223.7 VHi - H„ 

By substituting Hn = heat content corresponding to pressure P„ = 
0.58Pi in equations (163) and (168) the area at the throat may be readily 
determined. The cross-sectional area for other points in the tube may be 

determined in a similar manner by assigning 
values of Hn corresponding to the various 
pressures. 

In case of a perfect nozzle Hi — Hn 
represents the heat given up toward pro- 
ducing velocity by adiabatic expansion from 
pressure Pi to P^. In the actual nozzle 
the frictional resistance of the tube serves 
to increase its dryness fraction, but in doing so it decreases the amount of 
energy the steam is capable of giving up towards increasing its own velocity. 
If y one-hundredths of the heat, Hi — H„j is utilized in overcoming fric- 
tional resistance, then the resulting velocity will be 



Fig. 280. Theoretically Propor- 
tioned Expanding Nozzle. 


V = 223.7 V(1 - y) UU - Un). 


(169) 


The quality of the steam after expanding to P* against the resistance 
will be higher by an amount 


In = increase in quality = y{Hi — Hn)/r„ 


(170) 


in which 

r* = heat of vaporization at pressure P„. 

The curves in Fig. 281, calculated by means of equations (163) and (168), 
show the relationship between velocity, quality, pressure, and kinetic 
energy for all points in a theoretically perfect nozzle expanding 1 lb. of 
dry steam per sec. from an initial absolute pressure of 190 lb. abs. to a 
condenser pressure of 1 lb. abs. 

The curves in Fig. 282 are based upon the experiments of Gutermuth 
and show the effect of a few shapes of nozzles and orifices on the actual 
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weight of steam discharged for various rates of initial and final pressures, 
the smallest section of the tube remaining constant. 

The nozzles of most commercial types of steam turbines are made with 
straight sides as in Fig. 278, 
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SO that only the area at the 
mouth need be determined in 
addition to that at the throat 
in order to lay out the shape 
of the tube. 

Equations (157) and (168) 
are general and are applicable 
to steam of any quality, wet, 
dry, or superheated. ^ 
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For superheated steam when P„ = <0.68Pi 

u)' = eOaoPi^-®^ - (1 + 0.00066<,), (172) 

I Squilibnum assumed* See SupcrsaiuToHon and the Flaw of Wet Steam: Power, 
Sept. 27, 1927, p. 466. 
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in which 

w' = actual weight of steam discharged, lb. per hr., 

Oo = area of the throat, sq. in.. 

Pi — initial absolute pressure, lb. per sq. in. 

Xi = initial quality, 
t, = degree of superheat, deg. fahr. 

-Goudie {Steam Turbines) gives the following rule for superheated steam 

w' = 1134 a, VF^i (173) 

in which 

7i = density of the steam at pressure Pi; other notations as above. 

. For back pressures higher than the critical or P„ > O.68P1 the funda- 
mental equation (157), offers the simplest solution. Approximate results 
for this condition may be obtained by multiplying equations (171) and 
(172) by a factor K 

K = 2.182 V'c(l - 1.19c), (173o) 

in which 

c = 1 - (P„ 4- Pi). 

When a divergent nozzle having an actual area ratio r (= mouth area 
-7- throat area) is used for steam pressure having a ratio R (= mouth 
area throat area for pressure ratio a percentage nozzle-mouth 

error of a value Ci = 100(r — i2) -h r, which may be positive or negative 
is introduced. The following table gives the velocity efficiency or ratio of 
probable actual exit velocity to the theoretical velocity for various nozzle- 
mouth errors, assuming the correctly proportioned nozzle to have a velocity 
efficiency of 97 per cent. 

Nozzle-mouth error, Cl -40 -30 -20 -10 0 10 15 20 25 20 

Velocity efficiency, percent 93.5 94.8 95.9 96.7 97 96.7 96.3 95.3 93.6 90.6 

When the actual expansion ratio of the nozzle is greater than required, 
the nozzle is said to be over-expanded; when smaller, under-expanded. 
From the preceding table it appears that it is preferable to have a nozzle 
imder-expanded than over-expanded, 

Moyer The Steam Turbine,'' 4th Edition, p. 44) states that the ratio 
of the area of a correctly proportioned nozzle at the throat to the area 
at any point is very nearly proportional to the ratio of the pressure at 
point On to the initial pressure, or 

On Pi 


( 174 ) 
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The entrance to the tube is rounded by any convenient curve. 

The length of the tube may be roughly approximated by the following 
formula: 

L = (175) 

in which 

L = length between the throat and mouth, in inches, 
ao = area at the throat, square inches. 

Practice shows that the cross section of a nozzle, whether circular, 
elliptical, square, or rectangular (the latter with rounded comers), has 
very little influence on the efficiencjy, prc\dded the inner surfaces are 
smooth and the ratio of the area at the throat to that of the mouth is 
correctly proportioned. The velocity efficiency of a properly proportioned 
nozzle with straight sides is about 95 to 97 per cent, corresponding to an 
energy efficiency of 92 to 94 per cent, so that it is not considered worth 
while to attempt to follow the more difficult exact curves. 

Example 38. — Find the smallest cross section of a frictionless, conical, 
divergent nozzle for expanding 1 lb. of steam per sec from an absolute 
initial pressure of 190 lb. to an absolute back pressure of 2 lb. and find 
six intermediate cross sections where the pressures will be 70, 30, 14.7, 8, 
4, and 2 lb. respectively. Compare the velocity and energy of the jet 
issuing from this nozzle with those of an actual nozzle in which 10 per 
cent of the heat energy is lost in friction. 

Solution. — From steam and entropy tables we find the values of Hy 
XyUy for absolute pressures corresponding to 190, 0.58 X 190 = 110, 70, 
30, etc., lb. per sq. in. as follows (theoretical nozzle) : 



H 

X 

u 

.S' “ XU 

Pi - 190 

1197 3 

1.00 

2.40f) 

2.406 

p, = 110 * 

1152.6 

0.960 

4 047 

3.885 

Ps = 70 

1117.9 

0 932 

6.199 

5.775 

P 4 = 30 

1057.2 

0 887 

13.75 

12.27 

Pfi = 14.7 

1011.3 

0.857 

26.78 

22.95 

Pe * 8 

947.8 

0.834 

47.26 

39.29 

P 7 = 4 

935.6 

0.810 

00.4 1 

73.2 

Ps = 2 

899.3 

0.788 

173.1 

137.0 


• jPj ca 0.58 Pi pressure at throat). 


If entropy tables or charts are not available, values Hi to Hs and xi to 
.r« must be calculated. (See paragraph 392.) 

The different quantities for the theoretical nozzle will be calculated for 
the exit pressure P„ = P» = 2 lb. per sq. in. abs. 

F, = 223.7 VHi - Hs 

= 223.7 V 1197.3 - 899.3 = 3865 ft. per sec. 
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E, = 778 (Hi - Hi) 

= 778 (1197.3 - 899.3) = 232,000 ft-lb. 

As = WS/V = 1 X 137/3865 = 0.0353 sq. ft. 
dt = ^.4(144 X 4)/ir = 13.56 \/o.0353 = 2.54 in. 
Ft = TTFs/ff = 3865/32.2 = 120 lb. 


THEORETICAL NOZZLE 



In the actual nozzle these values will be modified because of the frictional 
losses. Thus, for = 2 lb., 

Vt = 223.7 V (l -y) {Hi - Ut) 

= 223.7 V(1 - 0.1) (1197.3 - 899.3) = 3667 ft. per sec. 

Et = 778 (1 - 0.1) (1197.3 - 899.3) = 208,800 ft-lb. 
a:8^ = + /s = + y(Hi — Ht)/rt 

= 0.788 + 0.1 (1197.3 - 899.3)/1021 
= 0.788 -I- 0.029 = 0.817. 

At = Wxt'ut/Vt = 0.817 X 173.1/3667 = 0.0386 sq. ft. 
from which 
ds = 2.66 in. 

F = TTFs/fif = 3668/32.2 = 114 lb. 

These various factors for all given pressures have been calculated in a 
similar manner and are as follows: 


ACTUAL NOZZLE 


Quantities 

1 

V 

Ft. per Sec. 

Ft?b. 

** 

A 

Sq. Ft. 

d 

In. 

F 

Ft-lb. 


no 

1420 

31,317 

.9658 

.00275 

0.711 

44.1 


70 

1893 

55,632 

.9414 


0.723 

68.8 


30 

2515 

98,257 

.9026 


0.951 

78.1 

Pressures 

14.7 

2894 

130,050 

.876 


1.2 

98.8 


8 

3168 

155,858 

.856 


1.53 

98.4 


4 

3438 

183,581 

.836 

.0220 

2.01 

106.8 


2 

3667 

208,800 

.817 

.0386 

2.66 

114.0 
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Many of these values may be determined directly from the Mollier or 
total heat-entropy diagram as described in paragraph 386; in fact, the 
Mollier diagram has to all intents and purposes supplanted the steam 
tables in this connection. For superheated steam the diagram is extremely 
useful in avoiding laborious calculations. 

Figure 283 gives a diagrammatic arrangement of the blades in a single- 
stage De Laval turbine. The nozzle directs the steam against the blades 
with absolvie velocity V i and at an angle a with the plane of the wheel XX. 
Since the wheel is moving at a ^^elocity of u ft. per sec., the velocity Vi of 
the steam relative to the wheel is the resultant of V\ and u. The angle 
jSi between Vi and XX will be the proper blude angle at entrance. If the 



Fig. 283. Velocity Diagram. Ideal Single-pressure, Single-vfilocity 
Stage Turbine. 

blade curve makes this angle with the direction of motiefn of the wheel, 
no shock will be experienced when the steam enters the blades. For 
convenience in construction the exit angle ^2 is made the same as the 
entrance angle Pi. Neglecting frictional losses in the blade channels, 
the relative exit velocity will be V 2 = Vi, and the resultant of V 2 and u is 
the absolute velocity, V 2 . The impulse exerted by the jet in striking the 
vanes is Wvi/g, and its component in the direction of motion is Wvi cos fii/g 
- W(Vi cosa — u)/g. As the jet leaves the vanes the impulse is -'Wv 2 
cos P 2 lg = -W(V 2 cos 7 + u)/g. 

The total force acting on the vanes, or the actual driving impulse, is 

P = W/g X { Fi cos a — w — [ — (F 2 cos 7 -f u)] } (176) 

= W/g X (Fi cosa+ V 2 cos 7 ). (177) 

Equation (176) may also be expressed 
P = W/g X 2 (Fi cosa — u). 


(177a) 
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The resultant axial force or end thrust is 

F ^W/gXiVisina- Vt sin y). (178) 

Evidently if « = y and Fi = F 2 there will be no end thrust, since 
Vi sin a — Vi sin y will be zero. 

The work done is 

Pu = Wu (Fi cos a + 72 cos y)/g _ (179) 

or, using equation (177a) in place of (176) 

Pu = W/g X 2 w (Fi cos a — m) 

— W/g X 2 (uFi cos a - «*). (180) 

By making the first derivative equal to zero 

j2(uFi cos a - w*) j = F, cos a - 2u = 0, 

or 

« = §FiCOsa ( 181 ) 

That is, for any nozzle angle a the work done, Pu, has its greatest value 
when « = ^Fi cos a, or 7 = 90 degres, whence 

Pu = WI2g X Fi* cos « (182) 

The work for any initial velocity Vi becomes a maximum when a = 0 
and M = §Fi. This condition can only occur for a complete reversal of 
jet and zero final velocity. Substituting a = 0 and tt = ^Fi in equation 
(181) and reducing, we have 

Pu = Ei— TFFi* - 5 - 2g 

which is necessarily the same as equation (157). 

In the actual turbine the various velocities will be less than those so 
obtained, on account of the frictional resistance in the blades, and the 
velocity diagram should be modified accordingly. 

Example 39. — Lay out the blades (theoretical and actual) for the 
nozzle in the preceding example, assuming that the jet impinges a^inst 
the wheel at an angle of 20 degrees and that the peripheral velocity is 
1250 ft. per sec. Weight of steam flowing, 1 lb. per sec. 

Solution. — Theoretical Case. Lay off Fi = 3865 ft. per sec. in direction 
and amount as shown in Fig. 283 and combine it with u — 1250 ft. per sec.; 
this gives Vi, the relative entrance velocity, as 2725 ft. per sec., and /S, the 
entrance angle, as 29 degrees. 

Lay off V 2 = fi at an angle fit - and combine with u; this gives V$, 
the (dwiiute exit velocity, as 1740 ft. per sec. 
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The theoretical energy available for doing work is 

E = W/2g X (Fi“ - Vi^) = 1/64.4 X (3865* - 1740*) = 186,000 
tt*lb. 

The difference between 232,000 and 185,000 = 47,000 ft-lb. is evidently 
the kinetic energy lost in the exhaust due to the exit velocity. 

The pressure exerted by the steam on the buckets is 

P = W/g X (Fi cos a + Fj cos 7 ) 

= 1/32.2 X (3866 X 0.9397 + 1740 X 0.65266) = 148 lb. 

The theoretical impulse efficiency is 

(Fi* - F2 *)/Fi* = (^* - rm^) /38^® = 0.797. 

The theoretical hp. developed is 
Hp. = 185,000/550 = 336. 

Theoretical steam consumption per hp-hr. is 
3600/336 = 10.7 lb. 

Actual Case. — Proceed as i n the theoretica l case, u sing the actual 
absolute velocity V i = 3865 Vl ~ i/ = 3865 Vl — 0.10 = 3667 ft. per 
sec. in place of the theoretical value Fi = 3865. Lay of" Fi = 3667 at an 
angle of 20 degrees as before and combine with u = 1250, Fig. 284. 


U —1260 



The resultant Vi = 2530 is the velocity of the jet relative to the wheel, 
and the entrance angle /3 is found to be 29.7 degrees. ^ The relative exit 
velocity V 2 will be less than vi because of the blade friction. 

Assume the loss of energy <t) between inlet and exit of the blades to be 
14 per cent; then, since the velocity varies as the square root of the energy, 

V2 = ViVl — <t> (183) 

= 2530 Vl — 0.14 = 2346 ft. per sec. 

The resulting absolute velocity Fz is found from the diagram to be 
V 2 = 1405 ft. per sec. 
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Since the loss of energy in the nozzle is 

-(l-y) Vx^ s- 2g, (184) 

and that in the blade 

fi* - (1 - «) ^ 2g), (185) 

the remaining energy, deducting both losses in the nozzle and the blades, 

is 

W/2g X (Fi* - yVx^ -<i>vx^- Fj*) (186) 

= 1/64.4 X (3865« - 0.1 X 3865* - 0.14 X 2530* - 1405*) 

= 164,200, ft-lb. 

The losses due to windage, leakage past the buckets, and mechanical 
friction must be deducted from these figures to give the actual energy 
available for doing useful work. Assuming a loss of 15 per cent due to 
this cause, the work delivered is 

0.85 X 164,200 = 139,570 ft-lb. 

The efficiency in the ideal case was found to J)e 0.797 and the available 
energy 185,000 ft-lb. 

The efficiency, deducting the loss due to friction, etc., is 

139,570 X 0.797 185,000 = 0.60. 

Hp = 139,570/550 = 254. 

Steam consumption per hp-hr. is 
3600/254 = 14.2 lb. 

The heat consumption, B.t.u. per hp. per min. is 
14.2(1197.3 - 94)/60 = 260. 

Assuming the r.p.m. to be 10,000, the mean diameter of the wheel to 
give a peripheral velocity of 1250 ft. per sec. is 

1250 X 60 -f- 10,000 X 3.14 = 2.39 ft., or 29.6 in. 

The determination of the height and width of vanes, clearance between 
nozzles and blades, etc., are beyond the scope of this work, and the reader 
is referred to the accompanjdng bibliography. 

The ratio of exit to inlet velocity is called the blade or bucket velocity 
coefficient. The following table gives the values of this coefficient for the 
usual shape of impulse turbine blades. The values include all losses be- 
tween the nozzle mouth and entrance to the exhaust opening. (Marks^ 
Mechanical Engineers^ Handbook, p. 984.) 

Velocity relative to 
blades, ft. per 


sec 200 400 600 800 1000 1500 2000 2500 3000 4000 

Blade velocity co- 
efficient 0.953 0.918 0.888 0.863 0.841 0.801 0.774 0.754 0.739 0.716 
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Steam Turbines, 4th Ed., J. A. Moyer, John Wiley & Sons. 

Steam Turbines, 2nd Ed., W. J. Goudie, Longmans, Green & Co. 

Supersaturation and the Flow of Wet Steam: J. A. Goodenough, Power, Sept. 27, 1927, 
p. 466. 

Steam Turbine Blading: Power, (Serial) : 

General Construction, Feb. 5, 1924, p. 200. 

Some Impulse Typos, Fob. 12, 1924, p. 251. 

Westinghouse Reaction, Icb. 19, 1924, p. 293. 

Reaction Vanes with Radial and Axial Clearance, Feb. 20, 1924, p. 329. 

Stage Efficiencies of Impulse Turbines: Power, Nov. 18, 1924, p. 809. 

204. Single-pressure, Compound-velocity-^ lage Impulse Turbine. — In 

this type of impulse turbine, the steam is expanded down to the existing 
back pressure in a single set of nozzles just as in the single-velocity stage 
machine, but no attempt is made to absorb the kinetic energy of the jet in 
a single passage through the vanes or buckets on the wheel by maintain- 
ing a high peripheral velocity. Instead, the blade velocity is fixed at 
some point much lower than half the effective velocity of the jet, so that 
steam leaves the buckets with considerable residual energy. In order to 
operate with low blade velocity and at the same time utilize part of the 
residual energy, the steam leaving the wheel may be guided by a set of 
stationary reversing vanes to another wheel. If the steam leaves the 
second wheel at a high velocity, a third set of reversing and moving vanes 
may be employed. This procedure may be continued for any number of 
stages or until the steam leaves the last row of moving vanes at practically 
zero velocity. The same result may be obtained by redirecting the steam 
from the reversing buckets upon the same wheel which receives the initial 
impulse of the jet. For maximum theoretical efficiency, the number of 
velocity stages necessary for a given blade velocity is equal to the initial 
jet or spouting velocity divided by twice the blade velocity. Thus, for 
an initial jet velocity of 4000 ft. per sec., there should be 2, 4 and 8 stages 
for blade velocities of 1000, 500 and 250 ft. per sec. respectively. In the 
actual turbine these values would be modified because of the frictional 
resistances in the nozzles and blades, windage, leakage and the angles 
of the vanes. 

The single-stage Curtis, “ Class C ” De Laval, single-stage Moore, 
“ Type K ” Kerr, non-condensing Terry, Westinghouse Impulse, and 
Sturtevant are well-known examples of this class of steam turbine. 

Figure 285 shows a section through a De Laval Class C single- 
pressure, two-row, velocity-stage, non-condensing turbine illustrating the 
well-known Curtis ” principle. The rotor consists of a single forged- 
steel disc, fitted at the periphery with two rows of bronze, monel metal, 
or forged-steel blades, the material depending upon the initial conditions 
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of the steam. The blades are similar in design to those of the single-stage 
geared type. The nozzles are of the diverging type and are machined in 
a removable nozzle plate bolted to the side of the wheel case. The guide 
vanes are of the same design as those on the rotor and are fastened in a 
similar manner to removable steel segments. These segments are bolted 
to the nozzle plate in such a manner that the guide vanes are intermediate 
between the two rows of moving vanes. The governor is of the centrif- 
ugal type, mounted on the main turbine shaft and operating a double- 
seated balanced valve. Machines suitable for high speeds, such as small, 



Fig. 285. De Laval Class C” Steam Turbine. 


high-head centrifugal pumps, centrifugal blowers and compressors, and 
small direct-current generators, can be directly connected to the turbine 
through the coupling, but for lower-speed machines it is necessary to use 
a reduction gear between the turbine and the driven machine. The 
two-row wheel turbine is intended for small powers only. In the larger 
machines there are several wheels and intermediates depending upon the 
power requirements, the initial and final steam conditions, and the desired 
peripheral velocity. The governors for the larger machines are either of 
the Jahns type, mounted on a vertical spindle and driven by the turbine 
shaft through worm gearing, or of the hydraulic relay type. All sizes are 
equipped with a safety stop and quick-operating trip valve. Class C 
turbines are available in various sizes up to 1200 hp. 
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The Kerr velocity-stage turbine differs from the “ Class C ” De Laval 
in that there is but a single row of vanes on each disc. The present con- 
struction consists of two or three single-row wheels, and is intended 
primarily for driving power plant auxiliaries in sizes from 6 to 600 hp. 
without reduction gearing. 

The velocity diagrams may be constructed in a manner similar to that 
of any single-pressure stage in the Curtis turbine. 

Figure 286 gives a general view of a Terry no-i-condensing turbine 
illustrating the single-pressure comiwimd-velocity-stage principle as ap- 
plied to a single wheel of the 
re-entrant type. Steam is ex- 
panded down to the existing 
back pressure in one or more 
nozzles, depending upon the size 
of the turbine. The resulting 
high-velocity jet enters the side 
of the wheel bucket and its 
direction is reversed 180 de- 
grees. As this single reversal 
uses but a portion of the avail- 
able energy, the steam is caught 
in a reversing chamber and 
returned again to the wheel. 

This process is repeated several 
times. As the wheel and 
buckets are cut from a single 
piece of steel, there are no 
parts to become- loose or worn 
out. The reversing chambers 
or buckets are made of special 
alloy metal and are arranged 
in groups on the inner surface of the turbine casing, each group being 
supplied with a separate nozzle. The governor is of the fly-ball 
throttling type and is mounted on one end of the shaft. In the larger 
sizes having more than one nozzle, the load may also be manually con- 
trolled by opening and closing the nozzles. Terry non-condensing tur- 
bines are made in a number of sizes ranging from 5 to 600 hp. and may be 
direct connected or geared, depending upon the speed requirements of the 
driven machines. 

The Westinghouse impulse turbine is of the single-pressure compound- 
velocity type employing a single wheel with one row of vanes and a section 
or block of stationary vanes for redirecting the steam onto the rotor. 



Fia. 286. Terry Non-condensing Steam 
Turbine. 
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While the arrangement bears a resemblance to the Terry turbine, the 
steam passes but twice through the blades on the rotor and the action is 
equivalent to that of a machine having two rows of rotating blades, and 



Fig. 287. Westinghouse Impulse Turbo-Generator — Geared Set. 


the best economy is obtained when the ratio of blade velocity to that of 
the jet is 0.23. These turbines are constructed in sizes ranging from a 
fraction to 3000 hp. For very ^high-speed service the turbine is direct 
connected to the driven machinery, but for lower-speed drives a reduction 

gear is used. Figure 287 
shows the general assembly 
of a geared turbo-generator 
set and Fig. 288 that of a 
fixed-reduction gear of the 
type used for small powers 
at comparatively low speed. 
When the pinions are small 
in diameter and the width 
of the face is narrow, a 
slight misalignment of the 
bearings does not materially 
affect the tooth contact. 
For heavier loads the pinion 
diameter and the width of 
the face must be increased, but the permissible limit for pitch-line 
speed is soon reached afid further increase in power-transmission re- 
quirements must be provided for by an increase in width of face 
without an increase in diameter. When the total face is more than 
three diameters, it is the practice of the Westinghouse Company to 



Fig. 288. Westinghouse Reduction Gearing for 
Small Units. 
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cany the pinion in bearings attached to a frame within the housing 
and flexibly supported from the housing through a short section of 
steel I beam. The flexibility of the web of the I ’’ beam section 
will permit a uniform distribution of the pressure throughout the 
width of the gears. While Westinghouse impulse turbines are equipped 
with automatic stop governors which close the throttle if the speed is 10 
per cent above normal, additional precaution is taken to prevent rupture 
of the shaft in case the automatic stop fails to function. This is accom- 
plished by surroimding the rotor hubs with massive steel rings which will 
confine the deflection of the shaft within narrow limits and act as a brake. 
Heavy ribs surrounding the periphery of the rotor accomplish the same 
purpose on the smaller sizes of machines. 

Steam Turbine Development (Serial): Power, Aug. 30, 1927, to Oct. 7, 1927; N.E.L.A. 
Prime Movers Report, No. 267-78, July, 1927. 

205. Compound-pressure, Single-veloeity-stage Impulse Turbines (Ra- 
teau Type). — It has been shown that the velocity of the jet issuing 
from a nozzle varies with the square root of the heat drop. If the entire 
expansion from throttle valve to exhaust opening takes place in a single 
set of nozzles, the resultant jet velocity is very high, and in order to realize 
maximum efficiency the peripheral velocity must be approximately half 
that of the jet or else the velocity must be compounded as described in the 
preceding paragraph. If, instead of expanding completely in one set of 
nozzles, the heat drop is effected step by step through a series of nozzle 
sets, the jet velocity will be reduced by an amount equal to the square 
root of the number of nozzle sets. For example, if Hi and Hn represent, 
respectively, the initial and final heat content of the steam, the jet velocity 
for complete expansion in one set of nozzles is V = 224 V Hi — Hn- If 
the heat drop. Hi — Hn, is equally divided among n sets of nozzles the 
heat drop per stage will be {Hi — Hn)fn and the jet velocity will be 

F = 224 ViHi - llnT/n. 

Thus a four-pressure-stage machine with single velocity stages can operate 
efficiently at one half the speed of a single-pressure-stage machine; a 
16-stage at one-fourth speed; a 64-stage at one-eighth speed and so on. 
Attention should be called to the fact that in simple velocity compound- 
ing the entire turbine casing, with the exception of the steam chest, is 
under a pressure corresponding to that of the back pressure, whereas in 
pressure compounding each stage is under a pressure increasing in amount 
from the last to the first stage. The Ridgway is the best-known American 
turbine built on the straight Rateau basis. 



452 


STEAM POWER PLANT ENGINEERING 


Figure 289 shows a section through a ten-stage Ridgway turbuie illus- 
trating an application of the straight Rateau principle. The rotor con- 
sists of a series of steel discs keyed and shrunk on a rigid shaft and sepa- 
rated from each other by steel collars. A series of buckets machined from 
solid bars of a special alloy are secured to the periphery. The smaller 
buckets are fastened to the wheels by rivets through their shanks, and 
the larger ones are driven into slots and peened. The difiphragms con- 
taining the nozzles are secured to the casing and arranged so as to form a 
separate compartment or cell for each wheel. The casing and diaphragms 
are split horizontally so that the machine can be readily opened for in- 



Fig. 289. Ridgway-Rateau High-pressure Steam Turbine. 


spection. Nozzles of small area are solid castings of special alloy machined 
and bolted to the diaphragm. In the later stages, where the nozzle areas 
are large and extend all the way round the periphery, the blades forming 
the nozzle are cast in place in the diaphragm. The operation of the 
turbine is as follows: Steam enters the turbine through the governor 
valve to the steam chest in which is located the first set of nozzles. 
Partial expansion takes place through the first set of nozzles and the 
kinetic energy is imparted to the first wheel through the medium of the 
buckets or vanes. Steam is discharged from these buckets at a very low 
velocity and is again partially expanded through the second set of nozzles 
in the second diaphragm. The resulting kinetic energy is absorbed by 
the buckets on the second wheel. This process is repeated in each stage. 
The arrangement of vanes and nozzles is shown in Fig. 290. It will be 
noted that the nozzle areas and the areas between the vanes gradually 
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increase from the first to the last stage to allow for the increased volume 
of steam as effected by reduction in pressure. The governor is of the 
pneumatic type and its operation is as follows: Air pressure, generated 
by a centrifugal fan, attached to the end of the turbine shaft is trans- 
mitted to two light pistons the movement of which is resisted by a spring. 
The upper end of the stem carrying these 
pistons is pivoted to one end of a floating 
lever. Movement of the lever is transmitted 
to a small pilot valve, which in tiun admits 
oil pressure to the piston attached to the 
main throttle valve. The movement of the 
main valve stem returns the pilot valve to its 
central position. This equalizes the pressure 
on the top and bottom of the main piston and 
arrests its movement, thereby maintaining a 
fixed throttle opening for a given speed. 

An eight-stage, compound-pressure, single 
velocity-stage turbine operating non-condens- 
ing at 190 lb. initial absolute pressure would Arrangement of 

show about the following conditions: (All 
friction and leakage losses neglected and final ^ 

velocity in each stage assumed to be zero.) 



Hi = 1197.3 B.t.u. per lb., 

Hn = 1012.5 B.t.u. per lb.. 

Total heat drop = Ih - Hn = 1197.3 - 1012.5 = 184.8. 
Heat drop per stage = 184.8 8 = 23.1. 

Stage velocity = 224 a/23.1 = 1080 ft. per sec. 


Stage 

Heat Content 

P*re8sure, Lb. Abs. 

Quality, Per Cent 

Specific Volume 
Cu. Ft. per Lb. 

Admission 

1197 3 

190 

100 

2 41 

1 

1174.2 

145 

97.9 

3.04 

2 

1151.1 

109 

95.9 

3.93 

3 

1128.0 

80 

94.0 

5.14 

4 

1104.9 

58 

92.2 

6.77 

5 

1081.8 

42 

89.6 

8.96 

6 

1058.7 

30 

88.8 

12.07 

7 

1035.6 

21 

87.3 

16.33 

8 

1012.5 

Atmospheric 

85.8 

22,55 


The heat content at the end of expansion in each stage is obtained by 
subtracting 23.1 B.t.u. from the heat content of the preceding stage. The 
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corresponding pressures, quality, and specific volume may be calculated 
as shown in Chapter XXII or they may be taken directly from the 
Mollier diagram and similar graphical charts. 

In the actual turbine, only 50 to 75 per cent of the heat theoretically 
available is transformed into useful work. A small portion is lost by 
gland leakage, radiation, and bearing friction, and the balance is retrans- 
formed from kinetic energy into potential energy by eddying, fluid friction, 
and blade leakage. The efficiency of each stage is less than that of the 
turbine as a whole, since the increase in heat content due to friction, etc., 
is available for transformation into useful work in the succeeding stages. 
To find the actual pressure condition in each stage, allowing for the various 
losses, it is necessary to correct the theoretical quantities for these losses. 
See Energy and Pressure Drop in Compound Steam Turbines,'^ by F. 
E. Cardullo, Proc. A.S.M.E.y Feb., 1911, and paper read by Professor 
C. H. Peabody, Proc, Society of Naval Architects and Marine Engmeers, 
June, 1909. Consult also, The Steam Turbine Expansion Line on 
the Mollier Diagram and a Short Method of Finding the Reheat 
Factor,^^ by Edgar Buckingham, Bui. No. 167, 1911, U. S. Bureau of 
Standards. 

206. Compound Pressure, Compound Velocity-stage Impulse Tur- 
bines. — It has been shown that the bucket speed for a given heat drop 



Fia. 291. Assembly of Three-stage Curtis Turbine for Mechanical Drive. 

may be reduced, without lowering the economy, by compounding the 
velocity or the pressure. In case of pure velocity compoimding, the pres- 
sure throughout each stage is constant, but the velocity of the steam 
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across the blades is very high in the first stages and gradually de- 
creases from steam inlet to exhaust outlet. In pressure compounding, 
the stage velocity is practically constant, but the steam pressure is 
gradually decreased from inlet to outlet. Moreover, for a given heat 
drop there will be n velocity stages as against pressure stages. 
To take advantage of the low spouting velocity of the pressure type 
and at the same time decrease the number of stages, both pressure and 
velocity may be compounded in the same turbine. Various combina- 
tions of pressure and velocity compounding are to be foxrnd in the com- 
mercial machine. 

The Curtis is the best known and the moot widely distributed impulse 
steam turbine in this country. With the exception of the very small 
and the very large units, Curtis turbines are of the compound-pressure, 
compound velocity-stage type. The number of pressure stages varies 
with the size and the service for which the turbine is intended and ranges 
from one, in a small 10-hp. non-condensing unit, to 23 or more in a 50,000 
kw. high-pressure condensing turbo-alternator. Ordinarily there are 
two velocity stages in the first pressure stage and one velocity stage for 
each pressure stage throughout the rest of the cx})ansion zone. In the 
small turbine designed for mechanical drive, there are two velocity stages 
for each pressure stage and in the large turbo-alternators of 20,000 kw. 
and over, there is only one velocity stage for each pressure stage. The 
latter in reality should be classified under the Compound-pressure, 
Single-velo(;ity-stage heading. All Curtis turbines are of the axial- 
flow type with a horizontally split casing, so that the upper half may 
be readily taken off for inspection or for removal of the shaft and 
wheels. The small units operate at speeds ranging from 1200 to 5000 
r.p.m. . and lower speeds are obtained by the use of reduction gears. 
Sixty-cycle units from 500 to 9000 kw. rated capacity operate at 3600 
r.p.m.; 10,000 to 30,000 kw. units at 1800 r.p.m. and single-cylinder 
units above 30,000 kw. at 1200-1800 r.p.m. 

Figure 292 shows a diagrammatic arrangement of the nozzles and blades 
in a three-stage Curtis turbine. The action of the steam is as follows: 
Entering at A from the steam pipe, it passes through one or more ad- 
mission valves B into the bowls C. The number of admission valves de- 
pends on the load and their action is controlled by the governor. From 
bowls C the steam expands through nozzles D and impinges against the 
first row of moving blades and gives up part of its energy. The steam 
flowing from the first row of moving blades is reversed in direction by 
the adjacent stationary vanes and is redirected against the second set of 
moving blades where it gives up its remaining kinetic energy. From 
this stage the steam flows at reduced pressure through the nozzles, of 




Fia. 292. Dia^ammatic Arrangement of Moving and Stationary Elements 
of Curtis Turbines. 


blades as before. This process is repeated through several additional 
stages. 

The rotor consists of 1 to 23 or more steel discs mounted side by side 
on a horizontal shaft. In some of the earlier designs, the shaft was 

mounted vertically but this 
construction has been discon- 
tinued. Buckets or vanes of 
nickel steel, monel metal or 
nickel bronze according to the 
condition of the steam, are 
* * * * secured to the periphery by a 

Fig. 293. Steam-belt Area in Five-stage dovetail-shaped root which fits 

Curtis Turbine. snugly in a chaimel of the same 

section machined in the rim. 
The tips of the vanes are tenoned and riveted into a shroud ring. The sta- 
tionary reversing vanes are secured to the casing as illustrated in Fig. 
292. Between the revolving wheels is a stationary steam-tight diaphragm 
which contains the nozzles through which the steam is expanded from the 
preceding stage. In the older designs, forged-steel nozzles for all stages 
were cast into the steel diaphragms. In the modem 23>«tage 20,000>kw. 
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Pig. 294. Assembly of 30,000 kw., 1500 R.p.m., 20nstage Curtis Turbine. (Moyer’s “Steam Turbines 
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machine, the nozzles in the first 17 stages are of the renewable type and 
the remaining stages of the older cast construction. In the “ renewable 
design the supporting spacers, blades and shrouding are of steel, milled 
and ground, and are assembled in lengths of about 8 to 10 in. The 
various elements in each section are welded into a rigid construction 
by copper wire placed alongside the joints and fused in an electric ov^. 
The finished sections of blading are slipped into dovetails in the diaphragms 
and secured in place. It will be seen from Fig. 293 that vanes and nozzles 
increase in size in succeeding stages as the pressure falls and the volume 
increases. The parts are so proportioned that the steam gives up ap- 
proximately 1/n of its energy in each pressure stage, n representing the 
number of stages. The number of stages and the number of vanes in 
each stage are governed by the degree of expansion, the peripheral velocity 
which is practical or desirable, and by various conditions of mechanical 
expediency. The nozzles extend around a relatively short arc in the 
periphery of the first stage and increase progressively in number until 
tiiey extend around the entire wheel in the last stage. 

In the smaller machines the speed is controlled by a centrifugal 
governor mounted on the end of the main shaft and attached through 
suitable linkage to a single-balanced throttle-valve. The governor 
actuates a throttling valve of the balanced poppet-valve type. The 
larger sizes are controlled by an indirect or relay system of the hydraulic 
type. 

Figure 295 gives the 
general details of the main 
governor. Fig. 296 a sec- 
tion through the hydraulic 
cylinder and pilot valve, 
and Fig. 297 through one 
of the admission valves 
of this relay system. Re- 
ferring to Fig. 295, speed 
regulation is accomplished 
by the balance main- 
tained between the centrif- 
ugal force of moving 
weights A A and the 

static force exerted by Pjq 295. Main Operating Governor, 

spring D. The governor 
is provided with an aux- 
iliary spring F for varying its speed when synchronizing, the tension of 
which is varied by a small pilot motor controlled from the switchboard. 
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The movement of the governor weight is transmitted through rod D to 
arm H and by means of the latter to floating lever L, Fig. 296. 

This floating lever is pivoted on a clamp attached to the pilot valve 
stem /S. The other end of the lever is connected by links to the piston 
rod R of the operating cylinder. A movement of governor arm displaces 
the small pistons of the pilot valve from oheir normal location in which 
they close the ports of the cylinder. This displacement causes oil to be 
admitted to the cylinder and the pressure of the oil operates the main 
piston. The piston rod opens and closes the controlling valves through 



Fig. 296. Assembly of Hydraulic Fig. 297. Admission Valve 

Cylinder, Control. 

the agency of the cam shaft, and at the same time transmits its motion 
through the link system to the end of the floating lever and thus brings 
the pilot valve back to its normal position. Each position of the governor 
determines a definite position of the piston in the operating cylinder and 
consequently the opening of a definite number of controlling valves. In 
many of the large units up to 20,000 I w., these controlling valves are of the 
unbalanced type, as shown in Fig. 297, and vary in number from two to 
ten depending uj jn the size of the turbine and the load conditions. In 
base-load units ranging from 20,000 to 50,000 kw., there are but two 
admission valves of the balanced throttle type. Fig. 298. One of these 
controls the steam for normal operation and the other for overload service. 
The first admits steam to the high-pressure stage nozzles and the second 
to a lower stage. 
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The emergency governor, or automatic stop, consists of a ring R (Fig. 



300), unevenly weighted, 
attached to and revolving 
with the shaft. At nor- 
mal speeds and less, the 
unbalanced ring is held con- 
centric with the shaft by 
helical springs S. When the 
speed increases to 10 per cent 
above normal, the centrif- 
ugal force of the unbalanced 
portion of the ring overcomes 
the spring tension, and the 
ring revolves eccentrically. 
In this position the ring 
strikes a trip finger and 
closes the main throttle valve 
which is of the balanced 
emergency type. In the 
newer Curtis units of large de- 
sign, the fulcrum of the lever 
operating the main control 
valve, Fig. 298, is held in 


position by a piston supported by oil pressure. The releasing of this pres- 



Fig. 299. Governor Assembly for 35,000 kw. unit. 

sure by the emergency-governor trip immediately closes the main governor. 
In testing out the emergency governor, oil is discharged into chamber Cy 
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Fig. 300, through the agency of a hand-controlled valve, and the added 
weight of the oil causes the mechanism to assume an eccentric position 
before the actual overspeed of the turbine is reached. This trips the 
control valve as before. As soon as the oil supply is shut off, the oil 
in chamber C escapes through ports P 
and P and the ring again becomes bal- 
anced by the spring. 

The main bearings of the turbine and 
generator, the thrust bearing, the flexible 
coupling, operating governor, and spiral 
gears are lubricated, and the hydraulic 
mechanism is operated, by oil supplied 
from a forced lubricating system. When 
the turbine runs at full speed, oil is sup- 
plied .from a twin spiral gear oil pump. 

This pump, as well as the operating governor, is driven by a worm gear 
flexibly coupled to the turbine shaft. 

An auxiliary turbine-driven pump furnishes ofl to the turbine upon start- 
ing or when slowing down. The oil is refrigerated by ciioulation through 
a special tubular water (jooler. 

In the small-sized non-condensing Curtis turbines, the packing in the 

diaphragms separating the steam 
stages and in the inner sections of 
the high-pressure and low-pressure 
heads usually consists of a ring of 
special labyrinth packing, self- 
centered, with close clearance to 
the shaft. The high-pressure and 
low-pressure heads are, in addi- 
tion, packed with several rings of 
braided, high-temperature pack- 
ing. When furnished to operate 
with high vacuum and, in special 
cases, when operating non-con- 
densing against a high back pres- 
sure, carbon packing rings are used to pack the heads. The diaphragm 
packing remains unchanged. 

The high-pressure head of the large Curtis turbine is packed with a 
labyrinth packing of special design as shown in Fig. 301. Referring to 
the illustration, A ... A and B ... B are monel metal ribbons 
which are wound as a helix in a rectangular thread turned in the sleeves 
fitted into bushing K and in the sleeve S, respectively. The ribbons in 



Fig. 301. Section through High-pressure 
Packing. 



Fig. 300. Emergency Governor. 
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S are perpendicular to the axis of the machine, while those in the opposite 
sleeves are inclined either to the right or left, depending upon their loca- 
tion. This inclination is obtained by turning over the edges of the ribbon 
while the piece is rotating in the lathe. The port D connects with the 
annular opening E, and in turn exhausts through pipe connection F. 
The greater bulk of the steam leaking by the packing escapes through 
this port and through opening F. For packing in good condition, the 
amount of steam discharge should not exceed 3000 lb. per hr. for a 30,000- 
kw. machine. The steam, which is highly superheated and at atmos- 
pheric pressure, is lead to a small closed heater in which the cooling medium 
is the condensate from the main condenser. The rest of the packing 
steam passes through ports P into an annular space N and thence into a 
small discharge pipe leading to a small jet condenser bolted to the packing 
assembly on tho outside of the turbine. Service water is used as the con- 
densing medium in this condenser. Only a small quantity of water is 
required for this jet condenser, and the tail water is discharged cither 
to waste or into a makeup storage tank. The vanes on the external pack- 
ing sleeve extending from the ports D to the outside of the machine are 
inclined in such a direction as to resist the infiltration of air, should the 
jet condenser maintain a slight vacuum as is usually the case. I is the 
upper half of the high-pressure wheel casing, while H is the first-stage 
nozzle plate by means of which the entrained steam is directed upon the 
blades of the first-stage wheel R, The low-pressure packing is similar 
in design to that of the high-pressure except that steam from an external 
source is used for sealing. The diaphragm packing is also similar in design 
to that of the high-pressure packing illustrated in Fig. 301. 

Figure 302 shows a horizontal section through a Kerr Economy” 
Curtis-Rateau type turbine consisting of a single two-velocity stage 
Curtis element and nine Rateau stages. This machine differs from the 
equivalent Curtis design only in structural details and in the arrangement 
of the main operating governor. The governor weights, consisting of a 
split sleeve concentric with and mounted directly on the end of the turbine 
shaft, actuate a balanced-piston valve through an oil-relay system as 
illustrated. This type of Kerr turbine is constmeted in sizes ranging from 
5 to 2500 hp. 

Figure 303 gives a diagrammatic arrangement of the blades and nozzles 
of a typical single-pressure multi-velocity-stage turbine consisting of a 
single set of stationary nozzles, a double row of moving vanes on a single 
rotor and one intermediate or reversing element. 

Steam is completely expanded in the stationary nozzles P 2 and issues 
from the nozzles with absoliUe velocity Vi, striking the first set of moving 
blades at an angle a with the line of motion of the wheel. The resultant 
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Viof Vi and the peripheral velocity u is the velocity of the steam relative 
to the vanes; and the angle jS which the line Vi makes with the line of 
motion of the wheel is the proper entrance angle of the blades for the 
first set. Neglecting friction, the exit angle 7 will be the same as the 
entrance angle The resultant of ^2, the exit velocity relative to the 
blade, and w, the peripheral velocity is F2, the absolute exit velocity. 

Since the second set of blades is fixed and serves as a means of changing 
the direction of flow, the absolute velocity entering them is F2. The 
angle 8 formed by F2 and the center line of the stationary blades is the 

proper entrance angle. Neglecting fric- 
tion, the absolute exit velocity will be 
Vz = F2, and the exit angle will be 
€ = 5. The steam flowing from the 
stationary blades strikes the second set 
of moving blades at an angle € = 5 with 
absolute velocity F3. Combining F3 
with the peripheral velocity u, we get 
Vzf the velocity of the steam relative to 
the second set of moving blades. The 
angle 6, formed by Vzund the line of 
motion of the wheel, is the proper 
entrance angle for the second set of 
moving blades. The resultant of Vi 
(= Vz) and u is F4, the absolute exit 
velpcity for the first stage. 

Any number of pressure stages may 
be analyzed in a similar manner; it should be noted that the initial 
absolute velocity of the steam entering each stage corresponds to the 
heat drop in the nozzle measured from the final heat content of the steam 
in the preceding stage to that at the mouth of the nozzle under considera- 
tion. 

The “ Terry Condensing,’^ Moore ‘‘ Multi-stage,” and some designs of 
the Kerr turbine, while of the multi-pressure, multi-velocity-stage impulse 
type, are of composite design, consisting of a Curtis high-pressure stage 
and a number of Rateau intermediate and low-pressure stages. These 
turbines are frequently designated as Curtis-Rateau machines. By 
substituting a Curtis stage for several of the first Rateau stages, the 
windage losses are reduced and a shorter cylinder is obtained. Machines 
of this design are usually limited to capacities under 2000 hp. 

Example 40. — A four-stage Curtis turbine develops 800 hp. on a 
steam consumption of 12 lb. per hp-hr.; initial pressure 150 lb. abs., 
superheat 100 deg. fahr., back pressure 1.5 lb. abs., peripheral velocity 
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450 ft. per sec., angle of the nozzle with the plane of rotation, 20 degrees. 
Each stage consists of two rotating elements and one stationary element. 
Compare the performance of the actual turbine with its theoretical possi- 
bilities. 

Solution. — Ideal Turbine. For the sake of simplicity, it will be as- 
sumed that the final veloc ity of each stage is zero and that the heat drop 
in the first set of nozzles is one fourth of the total theoretical drop, assum- 
ing adiabatic expansion. 

From steam tables Hi = 1249.6 B.t.u. 

From entropy tables or IM oilier diagram II n = 934.6. 

Total heat drop = 1249.0 - 934.6 = 315. 

Heat drop in first stage 315/4 = 78.75. 

The velocity of the jet in the first stage is 

Vi = 224 = 1985 ft. per sec. 

By laying off this initial velocity in direction and amount, and com- 
bining it with the peripheral velocity as in Fig. 303, the absolute velocities 
V 2 and Vz may be readily obtained. 

The kinetic energy absorbed in the first set of moving blades, per lb. of 
steam, is 

El = (Fx^ - Fa*) -5- 2gi = - TISO*) 4- 64.4 = 39,563 ft-Ib. per 

sec. 

and in the second set of moving blades 

Ei = (Fa* - F4*) 4- 2sf = (1180* - 4- 64.4 = 14,387 ft-lb. per 

sec. 

The total energy converted into useful work is 

39,563 + 14,387 = 53,950 ft-lb. per sec. 

Had the entire heat drop been utilized in doing work the total energy 
would be 

1/64.4 X 1^' = 61,180 ft-lb. per sec. 

The difference 61,180 — 53,950 = 7230 represents the loss due to the 
residual velocity of the steam leaving the last bucket. 

Since the steam is practically brought to rest before entering the second 
set of nozzles, the heat equivalent of this energy or 7230/778 = 9.29 
B.t.u. increases the final heat content; thus, 

Ha = 1249.6 ~ 78.75 + 9.29 = 1180.1 B.t.u. 

But a total heat drop per stage of 78.75 B.t.u. was assumed as a require- 
ment of the problem, and the final result obtained above shows it to be 
78.75 — 9.29 == 69.66. By trial and adjustment or by means of empirical 
formulas, a value of Ha may be obtained which will fulfill the given condi- 
tions. Such an analysis is beyond the scope of this book, and the reader 
is referred to Forrest E. Cardullo's article Energy and Pressure Drops 
in Compound Steam Turbines, Trans. A.S.M.E., vol. 33, p. 325, 1911. 

The remaining stages may be analyzed in a similar manner. 
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It should be borne in mind that in the actual turbine the velocity will 
be less than the theoretical on account of frictional resistances in the 
nozzles and blades, and the heat content Hi, H 2 . • • Hn will be 
greater than that of the ideal mechanism. Radiation, leakage, windage, 
and other losses must also be considered in determining actual conditions. 

Neglecting the residual energy in the exhaust, the total heat drop 
— H„ is available for doing useful work, and the water rate of the 
ideal turbinens 

W = 2547 ^ (Hi - Hn) =- 2547 315 = 8.1 lb. per hp-hr. 

Heat consumption per hp. per min. 

= 8.1 (1249.6 - 83.9) /60 == 157 B.t.u. 

Thermal efficiency 

Er = (1249.6 - 934.6) -i- (1249.6 - 83.9) = 0.27. 

Actual Turbine 

Steam used per hour = 800 X 12 = 9600 lb. 

Steam used per second =* 9600 3600 = 2.66 lb. 

Hp. developed per lb. of steam flowing per sec. = 800 2.66 = 300. 

Kinetic energy converted into useful work: 

300 X 550 = 165,000 ft-lb. per sec. 

Thermal efficiency 

Et = 2547 12 (1249.6 - 83.9) = 0.182. 

Heat consumption, B.t.u. per hp. per min. 

12(1249.6 - 83.9)/60 = 233. 

Rankine cycle ratio = Et/Er = 0.182/0.270 = 0.675. 

207 . Reaction Steam Turbine. — The reaction turbine is a multi-pres- 
sure single-velocity machine in which the reaction rather than the impulse 
of the jet is the force which drives the rotor. In this type of turbine, the 
expansion of the steam is subdivided into a great number of stages of small 
pressure drops, the steam expanding in the moving as well as in the sta- 
tionary elements. Each stage consists of a row of stationary and a row of 
rotating vanes, the various stages being arranged in such a manner that 
the entire expansion resembles in effect a single divergent nozzle with the 
exception that the dynamic relationship of jet and vanes is productive of 
a comparatively low velocity from inlet to outlet. The action of the 
steam on the blades is illustrated in Fig. 304. Steam is expanded in the 
first row of stationary blades from pressure P to Pi and accelerates the 
jet. The velocity of the jet issuing from these stationary nozzles is such 
that steam enters the adjacent set of moving blades practically without 
impulse. The steam expands from pressure Pi to P 2 in passing through 
the first set of moving blades and exerts a reactive force on the blades. 
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The jet with low residual velocity is deflected from the moving blades to 
the entrance of the second set of stationary nozzles. In this second set 
of stationary nozzles, tiie steam is expanded from pressure P 2 to Ps and the 
jet strikes the second set of moving blades at practically the same velocity 
as that of the blades. This process is repealed in each element of the 
turbine, the steam expanding as it flows from element to element in its 
passage to the condenser. It will be seen that the rotating force is pri- 
marily due to reaction though there 
may be some impulse when the jet 
strikes the moving members. There 
is no sudden change in pressure at 
any point; the reduction seldom 
exceeds 3 lb. at any row of blades, 
and the steam velocities therefore are 
compi^ratively low. The path of the 
steam from inlet to outlet may be 
axial (parallel to the axis) or radial (at right angles to the axis). The 
Parsons (British), Westinghouse (American), Allis-Chalmers (American), 
and the American Brown-Boveri, are representative of tfc ^ axial-flow type, 
and the Ljunstrom (Swedish) of the radial-flow type. 

The Allis-Chalmers, high-pressure, single-cylinder, condensing turbine 
is the only American single-cylinder machine employing the straight 
reaction principle throughout all stages. The earlier designs of Westing- 
house steam turbines were of the straight reaction type, and many of the 
large multi-cylinder units are of this type, but the modern high-pressure 
single-cylinder units of whatever size operate on the combined impulse- 
reaction principle. 

Figure 305 shows a general assembly of an Allis-Chalmers, high-pressure, 
single-cylinder condensing steam turbine illustrating the straight reaction, 
axial-flow principle. The turbine consists essentially of a fixed, horizon- 
tally-split casing or cylinder and a revolving spindle or drum. The sta- 
tionary blades are inserted radially into circumferential grooves in blade- 
or foundation-rings, which in turn are secured to the cylinder. The 
rotating blades are mounted in rows on separate rings or directly fitted 
to the spindle or drum. Each row of blades, both fixed and rotating, 
extends completely around the turbine, and the steam fiows through the 
full annulus between the spindle and cylinder. Theoretically, the length 
of the blades and the diameter of the spindle which carries them should 
continuously and gradually increase from the steam inlet to the exhaust 
so as to accommodate the increasing volume of steam. Practically, how- 
ever, the desired effect is produced by making the spindle in steps as 
illustrated. The blades in each step are arranged in groups of increasing 



Fig. 304. Blade Arrangement, Reac- 
tion Turbine. 
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Fig. 305. AUis-Chalmers High-pressure Condensing Steam Turbine. 
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length. The blades are usually shorter at the beginning of each step 
than at the end of the preceding step, the change being made in such a 
way that the correct relation between blade length and spindle diameter 
is secured. 

Because of the difference in diameter of the steps,” there is an end 
thrust on the spindle due to the difference in steam pressure at the end of 
each step. In the smaller sizes of Allis-Chalmers turbines, the thrust is 
neutralized by balance pistons mounted on the rotor and revolving inside 
a supplementary cylinder, or “ dummy.” Each piston is then subjected 
to the same difference of pressure as the rotating drum by means of equaliz- 
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Fig. 306. High-pressure Balance 
Piston Packing (Allis-Chalmers). 



Fig. 307. Low-pressure Balance Piston 
Packing (Allis-Chalmers). 


ing pipes. In the larger sizes, the largest piston is omitted and in its 
stead a smaller piston is used at the other end of the turbine, this piston 
having a total effective area equal to the elYe(5tive annular area of the 
largest piston. In the latter construction, the equalizing pipe for this 
stage is omitted, the pressure on the balance piston being equalized with 
that on the third stage of the blading by means of passages through the rings 
on the spindle. Balance pistons and dummies 
do not come into contact with each other, and 
leakage of steam is minimized by alternate 
rings as shown in Figs. 306 and 307, which 
form a lab 3 ninth packing. As a general rule 
all blades of 1/2 in. projected width and above 
are cast into foundation rings and the smaller 
sizes are individually formed and swaged into 
the foundation ring. The tips of all blades 
are bound together with a shroud ring, there- 
by insuring rigidity and accurate alignment. 

Blades over 3 in. in length are secured against 
vibration by wire lacing or stiffening strips, 

Fig. 308. The high-pressure end of the cylinder and spindle is sealed 
against leakage of steam by a water-packed gland which is in principle 
a centrifugal pump runner fixed on the turbine spindle and revolv- 
ing in a casing, Fig. 309. A similar seal is used on the low-pressure end, 
but, owing to the high pressure at the gland due to the low-pressure 
balance piston, an additional seal of the labyrinth type is provided to pre- 



Fiq. 3C8. Turbine Blading 
(Allis-Chalmers). 



470 STEAM POWER PLANT ENGINEERING 

vent excessive leakage from the inside of the balance piston to the exhaust 
chamber. The main bearings are of the self-adjusting ball-and-socket 
type and are lubricated by means of a pump geared to the main shaft of 
the turbine. The oil, after it drains from the bearing, passes through a 
strainer into a collecting reservoir whence it is pumped through a cooler 

and back to the bearings. A 
centrifugal auxiliary oil pump is 
furnished, for use when starting 
up or stopping th^ turbine, or in 
case of emergency. The main 
turbine governor is of the float- 
ing-lever oil-relay type and con- 
trols the speed by throttling. 

Figure 310 gives a diagram- 
matic arrangement of the fixed 
and stationary blades in the first 
stage of a multi-stage reaction 
turbine. The steam enters the 
stationary blades at a compara- 
tively low initial velocity and is 
there partially expanded and 
impinges against the moving 
blades at velocity Fi. In practice Vi is made such that there is prac- 
tically no impulse when the jet strikes the vanes. In passing through 
the moving vanes, the steam is further expanded and leaves at absolute 



Fig. 309. High-pressure Spindle-gland 
(Allis-Chahners). 



velocity 72, exerting a reactive force on the rotor. The steam enters 
the second set of stationary blades with an absolute velocity 72 and 
is still further expanded to velocity Fs, and so on. 

The energy, Ei, imparted to the steam in the first set of stationary 
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blades, considering the flow as purely adiabatic, is 

El = W(Hi - H 2 ) 778 = WVi^ -i- 2g 

in which 

Hi = initial heat content, B.t.u. per lb., 

H 2 = heat content after expansion through the blades, B.t.u. per lb., 
W = weight of steam, lb. per sec., 

Vi = velocity imparted to the jet by expansion. 

The absolute spouting velocity F, = Vo + Vi, in which Vo = entrance 
velocity to the fixed blades. 

The energy, £ 2 , imparted to the steam in the first set of moving blades 
is 

E 2 = W(V 2 ^ - Vi^) 2g (188) 

in which 

Vi = relative velocity of steam entering the moving blades, 

V 2 = relative velocity of steam leaving the moving blades. 

The total energy available in the first stage is Es + £ 2 , in which Es = 
kinetic energy of the jet leaving the stationary vanes = -h 2g. 

The total energy, J?/, converted into useful work in this stage is, there- 
fore, 

Et = Es E 2 — WV 2 ^ -T* 2g 

= {Vs^ + V2^ - Vi^ - V2^) W^2g (189) 

V 2 = absolute velocity of the steam leaving the moving blades. This 
residual velocity will also be the initial entrance velocity of the second 
stage. 

Each stage may be analyzed in a similar manner. 

Example 41. — Construct the velocity diagram and calculate the work 
done in the first stage of a frictionless reaction turbine for the following 
conditions: Heat drop per stage = 18 B.t.u. per lb. of steam; peripheral 
velocity = 300 ft. per sec.; exit angle = 30 deg.; entrance velocity, F,, 
= 0; rate of steam flow, 1 lb. per sec. 

Solution. — The velocity imparted to the steam in the first set of 
stationary blades is 

F, = 224 VTs/2 = 672 ft. per sec. 

The spouting velocity is 

F, = F. + Fi = 0 + 672 = 672 ft. per sec. 

Lay off F, in direction and amount and combine with w = 300, Fig. 
310. The resultant is vi, the velocity of the steam relative to the blades. 
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The angle between Vi and the line of motion of the wheel will be the entrance 
blade angle. From the diagr^ vi = 438. The energy given up by ex- 
pansion in the moving blades is 

El = 778 X 18 2 = 7002 ft-lb. per sec. 

Substituting Vi = 438 and Ei = 7002 in equation (188), we have, 

7002 = - 4^') -f- 64.4 

or, V = 802 ft. per sec. 

The resultant of V 2 and u is F 2 , the residual velocity of the steam leaving 
the moving blades. From the diagram F 2 = 576. 

The energy converted into work in the first stage is from equation (189) 

Et = (^^ + 802^ - 4^^ - 64.4 

= 10,420 ft-lb. per sec. for each lb. of steam flowing 
through the turbine. 

In the actual turbine the various friction and leakage losses must be 
included in the calculation. Such an analysis is beyond the scope of this 
text and the reader is referred to the accompanying bibliography. 

208 . Combined Impulse-reaction Steam Turbines. — The use of a 
single-impulse element for the first stage of the expansion in a reaction 
turbine is desirable in many cases, inasmuch as it replaces, without any 
appreciable sacrifice of economy, a considerable number of rows of blading 
in the least efficient stage of the reaction turbine and makes possible a 
shorter and consequently a stiffer rotor. The entering steam is confined 
in the nozzle chambers of the impulse element until its pressure and tem- 
perature have been materially reduced by expanding through the nozzles. 
As the nozzle chamber is cast separately from the main cylinder, the 
temperature and pressure differences to which the cylinder is subjected 
are correspondingly decreased. From 20, to 50 per cent of the total heat 
drop takes place in the impulse element, the exact amount depending upon 
the initial steam conditions. 

With the exception of the impulse type described in paragraph 204, all 
recently constructed single-cylinder, high-pressure, Westinghouse steam 
turbines are of the combined impulse-reaction type. Figure 311 shows a 
section through a 1500-kw. turbine illustrating the usual design, and Fig. 
813 shows a section through a 35,000-kw. unit representing the latest 
practice in large single-cylinder machines. 

Referring to Fig. 311, the entire rotor, comprising the reaction spindle, 
impulse disc, and turbine shaft, is a single steel forging, thereby insuring 
great strength and rigidity. The impulse element consists of a single set 
of nozzles, two rows of blades on the rotor, and one set of intermediate 
stationary reversing blades. In this machine approximately 45 per cent 
of the total energy developed is absorbed in the impulse element. The 
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reaction element consists of 12 straight reaction stages with the rotating 
elements mounted on a single cylindrical drum. There are no balance 
pistons; dummy rings and a thrust bearing take up any unbalanced 
axial force that may exist. The main bearings, glands, and seals are 
similar to those of the larger unit described further on. The governor, 
Fig. 312, is driven from the main shaft through a worm gear, and acts 
directly on the steam-admission valve. 

Referring to Fig. 313, it will be seen that the roter of the large single- 
cylinder unit is composed of two forged-steel sections which are held in 



Fig. 311. Assembly of 1500-kw. Westinghouse Impulse-reaction Turbine. 


place by a pressed fit and reinforced by bolts. The high-pressure section 
contains the rotor for the impulse element and two balance pistons, and the 
low-pressure section carries reaction blading only. The high-pressure 
casing is cylindrical in shape and houses the impulse elements and two 
dummy rings. The valve chest is placed above the cylinder and is rigidly 
attached to the casing at the primary steam inlet. The reaction casing 
and blade rings are shaped so as to give a diverging steam path of conical 
section from inlet to exhaust outlet. The exhaust chamber, furthermore, 
contains partitions designed on stream-line principles so as to insure uni- 
form distribution of the exhaust steam over the whole condenser inlet 
opening. The first 19 rows of reaction blading are of the usual design 
with interlocking roots and brazed wire lashing. The rest of the blades 
are of the Bauman type, which permit of increased steam area without 
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increase in blade length. The Bauman principle is to divide the steam 
into two belts by means of partitions on the blades and auxiliary exhaust 
passages in the casing. The outer path is proportioned so that the steam 
diverted in this direction is expanded completely and efficiently. Steam 
of the inner path is by-passed with practically no expansion in the lower 
portion of the partitioned blades, but the remaining available energy is 
absorbed by the added row of blades. The combined length of the added 



Fig. 312. Assembly of Governor Mechanism, Direct Control. 


row of blades and that of the upper portion of the preceding partitioned 
blades is sufficient to give the desired total exhaust area without an in- 
crease in blade length. By adding one row each of revolving and sta- 
tionary blades, the capacity will be increased 60 per cent above the original. 
In adding two rows and arranging an additional steam belt, the increase 
is 120 per cent, and with three additional rows, 170 per cent. 

The balance or dummy pistons are connected through equilibrium pipes 
with suitable pressure zones in the turbine. Steam leakage past the 
dummies is prevented by labyrinth packing of the type illustritted in 
Fig. 314. Duplex sealing glands are provided at each end of the turbine, that 
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Fia. 313. Assembly ®f 35,000-kw. Westinghouse High-pressure Single-eylinder Condensing Turbine. 
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next the atmosphere being a water gland of the centrifugal impeller type, 
while the other is a steam labyrinth gland. The latter is useful in starting 
up, since the water seal does not become effective until an appreciable 
degree of speed is obtained. Any unbalanced thrust is taken up by a 
Kingsbury thrust bearing, Fig. 315. The main bearings are of the self- 

aligning type and are kept cool by 
a continuous flood of oil. A closed 
oiling system is maintained by means 
of a pump geared to the main shaft 
of the turbine. The oil, after it drains 
from the bearing, passes through a 
Fig. 314. Dummy Packing, Westing- strainer into a collection receiver 
house Turbine. whence it is pumped through a cooler 

and back to the bearings. 

Figure 316 shows an assembly of the main governor mechanism which 
is common to all sizes of Westinghouse reaction turbines. The movement 
of the governor weight is transmitted through suitable linkage to lever L, 
which in turn actuates rocker R, Flat-faced cam C and vibrator rod B 
impart a slight but continuous reciprocating motion to lever L and thus 
overcome the friction 
of rest. Rocker arm S shoet sted 

controls a small pilot i ^ r: 3 :> ^ I-l— 

valve which admits oil ' r 

1 f Nut Inner Seat ^EnJTIece 

under pressure to, or 
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steam to different pressure stages in the turbine. Plgure 317 gives 
the general details of the oil relay valve gear under governor control. 
Rocker S, Fig. 316, controls the small pilot lever A, Fig. 317, which admits 
oil under pressure to, or exhausts it from, the admission operating cylinder. 
When oil is admitted to the operating cylinder, raising the piston, the 
lever C lifts the primary valve E, The lever D moves simultaneously 
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with C, but on account of the valve F, the latter does not begin to lift 
until the primary valve is raised to the point at which its effective opening 
ceases to be increased by further upward travel. The secondary valve 
admits steam to a lower-pressure section and enables the turbine to carry 
a heayier load than when controlled by the primary valve alone. 



Fig. 316. Main Governor, Westmghouse Turbine. 


Between the governor-controlled relay and the piston is an additional 
relay which is operated by a small differential piston controlled by the 
automatic stop governor. The descent of this piston admits full oil pres- 
sure to the under side of the piston, exhausting the upper side and so 
closing the steam-inlet valves regardless of the position of the- governor 
control relay. By means of a small hand-operated plunger at the center 
of the shaft, the whole mechanism may be tested out, if desired, whenever 
the machine is shut down, without actually speeding up the turbine. 

In the particular unit illustrated in Fig. 313, provision is made for ex- 
tracting steam at sections B, C, D, and E, When operating at rated load 
with initial pressure of 300 lb. abs., 650 deg. fahr. temperature, and a 
vacuum of 29 in. of mercury, the pressure drops in the various sections 
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are approximately as follows: impulse element 300 to 120 lb. abs.; section 
B to C, 120 to 60 lb. abs.; section C to D, 50 to 12.9 lb. abs.; D to E, 
12.9 to 3.2 lb. abs.; E to condenser 3.2 lb. abs. to 29-in. vacuum. 

The low-pressure cylinders of Westinghouse multi-cylinder turbines are 
usually of the double-flow type. See “ Details of Hudson Ave. 80,00p kw. 
Turbine Unit,” Power, Nov. 30, 1926, p. 815. 



Fig. 317. Oil Relay Control, Westinghouse Turbine. 


!809. Compound or Multi-cylinder Turbines. — The counterflow piston 
engine is compounded primarily for the purpose of reducing cylinder 
condensation losses incident to large ratios of expansion. In the steam 
turbine, there is no wide fluctuation in temperature as in the counterflow 
engine, and hence, aside from an insignificant amount of heat lost to the 
surroundings, there is no cylinder condensation. For pressures under 
400 lb. gage the use of more than one cylinder does not improve the heat 
economy of the turbine, and single-cylinder machines as high as 45,000 
kw. rated capacity have the same thermal efficiency as the multi-cylinder 
construction for the same pressure and temperature range. Compound 
turbines, however, have certain structural and operating features which 
may prove of advantage under certain conditions. Thus, in the cross- 
compound design the temperature range is less in each cylinder than 
in a single-shell machine for the same initial and final steam conditions, 
and the stresses in the casing and rotor are, therefore, not so pronoimced. 
Furthermore, the two or three cylinders are complete units in them- 
selves, and in case of derangement or shut-down of either unit the 
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other may still be kept in service. The multi-cylinder design lends itself 
admirably to the high-pressure high-temperature reheating cycle which 
is now adopted in so many of the new power plants, and a number of such 
units are now in course of construction. Multi-cylinder turbines of the 
tandem-compound and cross-compound type (two or three cylinders) are 
to be found in a number of plants, and range in size from a relatively small 

25.000 kw. tandem-compound single-generator unit to the huge Curtis 

208.000 kw. three-cylinder, triple-generator unit now in regular service 
operation for the State Line Generating Station in Indiana. The latter is 
still the largest steam turbine built to date (1931) and is one of the first to 
use live steam for reheating. Steam is admit! jd to the high-pressure 76,000 
kw. element at 600 lb. pressure and 730 deg. fahr. After leaving this 
cylinder, the exhaust steam is reheated to 500 deg. by live steam and 
delivered to two low-pressure units rated at 66,000 kw. each. A 4000 kw. 
service generator is attached to each of the low-pressure units. A 160,000 
kw. American Brown-Boveri and a 188,400 kw. Westinghouse two-cylinder 
cross-compound unit are also in service operation for the Hell Gate Station. 
A performance of 11,800 B.t.u. per kw-hr. measured at the throttle, with 
credit for the heat returned to the feedwater, is expected of the former. 
The latter will be equipped with the two largest 1800 r.p.m. generators 
in the world. 

Turbines: N.E.L.A. Publication No. 078, Aug. 1930. 

Some Notes on Steam Turbine Devehpmeni. W. J. A. London, Power, Aug. 30, 1927. 
(Serial.) 

210. Exhaust-steam Turbines. — Exhaust-steam turbines are prac- 
tically the same in design and appearance as the high-pressure turbines, 
except that the valves and steam passages are much larger to allow for 
the greater volume of the low-pressure steam. Exhaust-steam turbines 
use low-pressure steam only and are occasionally installed when there is 
an ample supply of exhaust steam to carry the load at all times. Should 
it be necessary to provide additional steam for an occasional failure of the 
main supply, high-pressure steam is furnished through a reducing valve 
adjusted to open only when the pressure of the exhaust falls below a pre- 
determined amount. In installations where the supply of exhaust steam 
is a direct function of the load, as in connection with reciprocating engines 
and low-pressure turbines carrying the load in parallel, no governing 
mechanism is required for the turbine. Where there is no direct relation 
between the turbine and engine load, the usual speed-regulating governor 
is •applied to the turbine. .Straight exhaust-steam turbines are not in 
evidence in the modern large plant, but may be found in a number of older 
stations in connection with reciprocating engines, where increased capacity 
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was necessary and the cost of the low-pressure turbine equipment was less 
than that of a new unit. Low-pressure turbines have also been installed 
to receive the exhaust from steam hammers, rolling mill engines and other 
appliances using steam intermittently. In order to store up the energy 
during periods of excessive exhaust, and to release it during periods of 
diminished or interrupted supply, regenerator-accumulators have been 
used to advantage. The regenerator-accumulator, which is in effect a 
feedwater heater, absorbs the latent heat of the exhaust during the period 

of excess discharge 
and permits the heated 
water to vaporize at 
reduced pressure dur- 
ing the time when the 
exhaust supply is less 
than the turbine re- 
quirements. In this 
manner the flow of 
steam to the turbine 
is held sufficiently 
constant, except when 
the periods of regen- 
eration are too long. Exhaust-steam turbines develop a brake hp.-hr. 
on a steam consumption of 25 to 35 lb., depending upon the initial steam 
conditions, per cent of rating carried, and the degree of vacuum main- 
tained. By equating first cost, cost of operating, and maintenance of the 
low-pressure turbine equipment with the resulting heat economy effected, 
the net overall gain or loss over that of a high-pressure unit may be 
readily ascertained. Some idea of the enormous quantity of water which 
must be stored in a regenerator-accumulator for operating even a small 
turbine may be gained from the following calculations: 

Let IF == weight of water required to operate the turbine for t 
min., lb. 

t = maximum no. of min. the exhaust supply may be entirely 
cut off. 

$ 1 = water rate of the turbine, lb. per min, 
r = mean latent heat at regenerator pressure, B.t.u. per lb. 
qi = heat of the liquid corresponding to maximum temperature 
of water in regenerator, B.t.u. per lb. 
g 2 = heat of the liquid corresponding to minimum temperature 
of water in regenerator, B.t.u. per lb. 

Then IT = ter -5- (ji - ja) (190) 
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If the regenerator is to absorb M lb. of exhaust steam in t min. 
as in case of a sudden flux of exhaust, the weight of water Wi required 
is TTi - Mr (gi — q^). (190a) 

Example 42. — Determine the weight of water to be stored in a regen- 
erator to operate a 500-hp. exhaust-steam turbine for five minutes if the 
steam supply is entirely cut off; pressure drop 17 to 14 lb. abs., turbine 
water rate 30 lb. per hp-hr. 

Solution. — From steam tables and the values specified in the example, 
we have 

f = 5, s = 500 X 30 60 = 250, r = (965.6 + 971.9) /2 = 968.8, 

qi = 187.5, q2 = 177.5, 

Substituting these values in equation (190) and solving 
IF = 5 X 250 X 968.8 (187.5 - 177.5) = 121,100. 

If the regenerator is to absorb 2000 lb. of the exhaust steam in five 
minutes during a period of sudden flux, 

Wi - 2000 X 968.8 4- (187.5 - 177.5) = 193,760. 

In small plants, where the investment cost of a regenomtor would not 
be justified and the supply of low-pressure steam is equal to the demand 
of the turbine except at infrequent intervals, low-pressure turbines are 
installed in connection with a simple reducing valve or equivalent. 

Accumulators are not necessarily limited to the storage of low pressure 
steam. The Ruths Steam Accumulator, which is used extensively in 
Europe in industrial plants, and which is finding increasing favor in this 
country, has been constructed in various sizes up to 150,000 lb. storage 
capacity and maximum working pressures up to 200 lb. gauge 

The Rvihs Steam Accumulator: National Engineer, Feb., 1928, p. 61. 

! 811 . Mixed-pressure Turbine. — Where the variation in supply of 
exhaust steam bears no relation to the various amounts required by 
the low-pressure turbine, the latter is usually designed to run on both 
high-pressure and low-pressure steam, at the same time, using all of the 
low-pressure steam available and sufficient .supplementary high-pressure 
steam to carry the load. Such a combination unit is known as a mixed- 
pressure turbine, and has practically supplanted the straight exhaust- 
steam machine in all modern plants. The transition from all low-pressure 
to all high-pressure, through all the conditions intermediate between these 
extremes, is provided for automatically by the turbine governor mechanism. 
With this arrangement, it is not necessary for purposes of economy to 
proportion exactly the low-pressure turbine to the amount of exhaust 
steam available, but within limits it may be made as large as the load 
demands. Mixed-pressure turbines have been constructed in single units 
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as large as 10,000 kw. and have practically supplanted the straight low- 
pressure design in the modem industrial plant. 

Mixed-preamre Turbine versus a New Steam Plant: Power, June 10, 1924, p. 934. 

Bleeder or Extraction Turbines. — Any type of multi-pressure- 
stage turbine which is designed so that steam may be extracted at one or 
more points between the steam inlet and the exhaust outlet is usually 
designated as a bleeder, or extraction turbine. Evidently, the larger the 
number of pressure stages, the greater will be the range of steam pressures 
at which bleeding can be effected. The bleeder turbine may be likened 
to a reducing valve which furnishes lower-pressure steam from which part 
of the heat drop has been converted into power, instead of being dissipated 
at a loss. The greater the pressure drop, the greater will be the power 
conversion, but the heat of the bled steam available for heating purposes 
is not reduced proportionately. The bleeder turbine has solved, in the 
most satisfactory way, the problem of the heat balance in plants where, 
in addition to mechanical and electrical energy, low-pressure steam is 
required for heating buildings, heating boiler feedwater, and process work. 
Bleeder turbines are designed to permit any amount of extraction, from 
zero, or full expansion of all the steam, to 100 per cent, or partial expansion 

of all the steam to the point 
of extraction. In some de- 
signs the entire range of 
0 to 100 per cent is called 
for; in others only a limited 
amount of extraction is neces- 
sary. In the average indus- 
trial plant, steam is abstrac- 
ted only from the stages where 
the pressure is above atmos- 
pheric and then only at one 
point; but in many of our 
most recently designed central 
stations, extraction is made at two to four points, with one or two in the 
vacuum zone. See Fig. 313. The steam bled from the turbine may be 
controlled by hand or automatically. Hand-valve control is satisfactory 
if the steam bled is practically constant. If it varies considerably and at 
frequent or irregular intervals, automatic control is the better arrangement. 
Figure 319 illustrates the principles of the automatic control of a Kerr 
turbine. 

A specially designed bleeder diaphragm equipped with a grid valve V 
controls .the amount of steam passing through the low-pressure stages. 



Fig. 319. Bleeder Control, Kerr Turbine. 
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The movement of this grid valve is regulated by the steam pressure in the 
heating system, which receives the steam bled from the turbine. A small 
pipe connection from the receiving system to the opening marked I in 
the illustration acts upon a regulating diaphragm which serves as a pres- 
sure governor. Movement of this diaphragm is caused by the steam 
pressure and resisted by a coil spring Should the pressure in the 

heating system increase, the regulating diaphragm moves to the right 
against the pressure of the spring. The motion of the diaphragm is trans- 
mitted to a lever “ 4 ” pivoted at its upper end to a second lever “ 5 ** 
and having its lower end attached to an oil pilot valve 3.^^ Movement of 
the pilot valve admits oil under pressure to th( pilot cylinder, which in turn 
moves the piston and tluj grid valve connected to the piston rod. This 
action opens the grid valve, permitting an additional amount of steam 
to pass through the last stages of the turbine, thereby reducing the pres- 
sure in the heating system to normal. By the connection of lever “ 5 
to lever “ 4” the movement of the piston rod changes the position of lever 
“ 5,^^ returning the pilot valve to its neutral point. 

Should the pressure in the receiving system fall, owing to a sudden 
demand for steam, pressure on the regulating diaphrag*ii decreases and 
the spring forces this diaphragm to the left. By the connection of lever 
*^4” to the diaphragm, the pilot valve is moved to the right, admitting 
oil to the pilot cylinder and moving the piston to the left so as to close the 
grid valve. The closing of the grid vahe permits less steam to pass 
through the low-pressure stages of the turbine and consequently forces 
more steam through the bleeder outlet into the receiving system, thereby 
raising the pressure to normal. The motion of the piston and lever “5,^^ 
together with increased pressure on the regulating diaphragm, returns 
the pilot valve to its neutral position as the pressure in the heating system 
becomes normal. 

When the pressure in the heating system builds up to its normal point 
and a greater amount of steam is required to develop the I'ated (capacity 
of the unit than is needed in the receiving system, the balance is passed 
through the last stages of the turbine, doing useful work. 

The turbine is also equipped with a non-return valve installed on the 
bleeder outlet. Should the flow of steam from the turbine to the heating 
system reverse, the steam will carry the valve up against its seat and stop 
the flow into the turbine. If for any reason this valve should fail to close, 
the speed of the turbine would increase to 10 per cent over normal, at 
which point the emergency governor would act and forcibly close the 
valve. 

In some cases, an automatic pressure-reducing valve is installed on the 
bleeder outlet to permit proper bleeder-pressure control over a very wide 



484 


STEAM POWER PLANT ENGINEERING 


capacity range. In such cases, the non-return valve described above is 
replaced by an oil-operated combined non-return and pressure-reducing 
valve, which is provided with the same non-return and emergency trip- 
ping features as previously described but with the additional reducing 
mechanism. 

A vacuum breaker actuated by the emergency governor is installed on 
the exhaust end of the turbine, to prevent overspeeding due to low-pressure 

steam backing into the tur- 
bine. 

At times when the turbine 
requires more steam to de- 
velop the power load than 
is needed in the heating sys- 
tem, the grid valve opens 
and permits low-pressure 
steam to pass into the 
vacuum stages. The extra 
power thus developed enables 
the turbine to carry the load 
with less steam, so that the 
governor shuts off a portion 
of the supply entering the 
turbine. This action of the 
governor, together with the 
admission of steam into the 
last stages, cuts down the 
quantity of steam entering 
the heating system and 
maintains it at the desired 
pressure. 

The curves in Fig. 320 ' 
show the influence of the amount of steam extracted on the total water 
rate of a 1000-kw. bleeder turbine. These curves, while strictly ap- 
plicable to the particular size and design tested, are typical of this class 
of turbine in general. The unit water rate at any load and for any 
amount of bleeding, and the heat content of the bled steam may be 
readily calculated from the diagram. 

Example 43. — Using the diagram in Fig. 320, calculate the unit water 
rate of the turbine when delivering 500 kw. and bleeding 10,000 lb. of 
steam per hr. Calculate also the heat content of the bled steam. 

Solution. — The total water rate for the specified conditions is found 
from the diagram to be 14,000 lb. per hr. Therefore, the unit water 



Fig. 320. Performance of 1000-kw. Bleeder 
Turbine. 
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rate is 

14,000 4“ 500 = 28 lb. per kw-hr. 

The initial heat content for saturated steam at 200 lb. gage pressure is 
found from steam tables to be 1198 B.t.u. pe^ lb. The work done by 

14,000 lb. of steam per hr., non-condensing, is found from the diagram to 
be 375 kw. The corresponding unit water rate is, therefore, 

14,000 375 = 37.3 lb. per kw-hr., and the heat content of the bled 

steam (see paragraph 181) is 

1198 — 3415/37.3 = 1107 (approx.) B.t.u. per lb. 

When steam is extracted from a turbine at vne or more stages between 
throttle and exhaust, it is evident that the power developed by the unit 
will be decreased, and in order to maintain the same output with extraction 
as when operating straight condensing, an additional quantity of steam 
must be admitted at the throttle. 

If Hi = heat content of the steam at admission, B.t.u. per lb.. 

He = heat content of the steam at the point of extraction, B.t.u. 
per lb., 

Hn = heat content of the steam at exhaust. 

Then Hi — //« = heat converted to work when operating without ex- 
traction, B.t.u. per lb. 

He — H„ = heat converged to work per lb. working between the 
extraction stage and the exhaust. 

Therefore, for every lb. of steam extra(;ted ( He — //») (Hi — Hn) lb. 
must be added to the throttle in order that the power output will remain 
constant. The ratio of steam added to that extracted is called the flow 
factor and may be expressed 

F^(He- Hn)-^ (Hi - H„) (191) 

While this is a simple relationship, it is difficult of application because 
of the variation in the values of Hi, He and Hn in actual practice. Any 
extraction or addition of steam over straight operation will alter the 
values of these quantities because of the changes in pressure, velocity and 
quality. Even when the various stage efficiencies are known for different 
steam conditions and loads, the determination of the heat content at the 
points under consideration involves laborious calculations. 

Example 44 . — 20,000 lb. of steam are to be extracted from the 28-lb. 
abs. stage of a 20,000-kw. steam turbine when operating at rated load. 
Determine the weight of steam which must be added at the throttle in 
order to develop the rated capacity under full extraction. Initial pressure 
265 lb. abs., superheat 250 deg. fahr., vacuum 0.5 lb. abs. Assume that 
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the superheat at the point of extraction is 30 deg. fahr. and that the 
quality at exhaust is 0.92. 

Solution. — From steam tables, H\ = 1340.5, He for 28 lb. abs. and 
30 deg. superheat = 1175.1 and Hn for 0.5 lb. abs. and 0.92 quality = 
1010. Substituting these values in equation (191) and solving 

^ 1175.1 - 1010 ^ 

1340.5 - 1010 

Steam to be added » 20,000 X 0.5 = 10,000 lb. 

The water rate without extraction = 3415 -r- (1340.5 — 1010) = 10.3 
lb. per kw-hr. 

The water rate with full extraction is 

(10.3 X 20,000 + 10,000) 20,000 = 10.8 lb. per kw-hr. 

These values are only approximate, since the efficiencies of the various 
stages will vary with the amount of extraction and the addition of make- 
up ” steam. 

Calculating Performance of Extraction Turbines: Power Pkiiit Engrg., June 15. 1927, 
p. 669; Apr. 15, 1927, p. 455. 

213. Efficiency and Economy of Steam Turbines. — A general com- 
parison of the water rates of piston engines and steam turbines is very 
unsatisfactory because of the diversity in operating conditions. In a 
general sense the piston engine is more economical in the use of steam 
than the turbine for non-condensing service and the reverse is true for 
high-pressure, high-vacuum, condensing service. Condensing engines of 
the uniflow or poppet-valve type have shown superior economy (under 
favorable conditions) to the turbine for sizes up to 3000 hp. and in some 
instances up to 5000 hp., but heat economy is only one of the many factors 
entering into the ultimate cost of power. For high-pressure condensing 
service in connection with electric drives, the turbine is in a class of its 
own for capacities over 3000 hp., and piston engines above this size are 
seldom found in the modern central station. A comparison of the curves 
in Fig. 263, showing typical economy curves of high-speed single-valve 
non-condensing engines, and of Fig. 321 showing the performance of non- 
condensing steam turbines, is somewhat in favor of the piston engine, the 
difference decreasing as the size of unit increases, a sunilar comparison 
of the performance curves of compound single-valve, single-cylinder 
four-valve, and compound four-valve non-condensing piston engines with 
those of steam turbines of the same size show marked increase in economy 
in favor of the piston engine. For sizes between 2000 and 6000 hp., there 
is little difference between the steam economy of the very best grade of 
piston engine and that of the turbine. Piston engines above 7500 kw. 
have not been built for central station service; hence a comparison with 
the turbine for larger sizes is impossible. The Manhattan type at the 



STEAM TURBINES 


L«S 


*” Bated PuH Load -Brake Horse Power 

Corrections for fractional loads. — Increase full load water rate as follows: ' 

20%; 1-8%; 1-0%; li-5%. 

Corrections for initial pressures. — 175 lb. deduct 3%; 200 lb. deduct 5%; 125 lb. 
add 5%; 100 lb. add 10%; 75 lb. add 20%. 

Corrections for increased back pressure. — Add for each lb. back pressure 200 lb. 
— 1%; 175 1b. — li%; 150 1b. — l|7o; 125 lb. — 2%; 100 1b.— 2i%; 75 1b.— 
8 %. ^ ' 

Correction for superheat. — Subtract 1% for each ten degrees superheat up to 200 
iegrees. 

Fig. 321, Average Water Rates of High-grade Small Non-condensing 
Steam Turbines. 


Performance of Kerr Steam Turbinci, Condensing 
Initial Prossnre 150 Lb. Oago 
Vacunm 28 In.^ Referred to 30 in. Barometer 
3000 R.p.m. 



100 200 300 iOO 600 600 700 800 900 1000 IJOO 1200 1900 1400 1600 1609 

Bated Load — Brake Horsepower 

Oorreetions tor fractional loads.- Increase foil water rates as follows:- J^--10%: 

X-6%, 1-0%; 13i~2.5%. 

Oorreotions for initial pressures,- 176 lb. gogo deduct 2 %; 200 lb. deduct 3.^^ 

125 lb. add 2^%; 100 lb. add 6%; 76 lb. add 10%. 

Otrrroetfona for deoreased racaum.- 27-in. add 6%; 26-in. add 15%. 

Correodons (or superheat.- Deduct 1% for each deg. sup. up to 100 dcf. I&V 
dedoct 1% fo;^eacb'16)t dojf. from 100 to 200 deg. F. 

PiG. 322. lypical Performance Curves of Small Condensing Steam Turbines. 
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Seventy-fourth Street Station of the Interborough Rapid Transit Ca 
represents the largest piston engines (7500 kw.) ever constructed for 
central station service. The heat consumption of these engines is con- 
siderably more than that of the modern turbo-generator of the same 
capacity. 

Except for prime movers operating on the straight Rankine cycle, 
water rates, or heat supplied per unit output, offer no measure of the 
relative heat economies since the heat added or abstracted between 
throttle and condenser must also be taken into consideration. In fact, 
the only true comparison involves the entire station heat balance and 
not merely the performance of the prime movers. 

Mercury Vapor Turbine: Power, Apr. 12, 1927, p. 565; May 31, 1927, p. 818. 

Steam turbines are usually sold on a guarantee basis, that is, the par- 
ticular machine in question is guaranteed to deliver the required power 
on a certain steam consumption under specified conditions. After being 



Fig. 323. Economy Test of 30,000-kw. Curtis Turbine. 


installed it is frequently found that the steam conditions are different 
from those specified in the contract. In order to ascertain whether or 
not the actual performance under existing conditions meets with the 
guaranteed performance under contract conditions, it is customary to 
“ correct the test results. This correction is customarily made by 
finding partial corrections for pressure, superheat, and vacuum, and alge- 
braically adding them to the test results. The partial corrections are 
obtained either from actual tests of machines similar in size and design 
to the one under consideration or indirectly from efficiency calculations. 
In either case the correction factors should be mutually agreed upon by 
the contracting parties before the acceptance tests are made. The curves 
in Fig. 325| though strictly applicable to the particular machine specified^ 
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are characteristic of turbines in general and illustrate the usual form of 
“standard correction curves.” The application of these curves is best 
illustrated by an example. 



Fio. 324. Economy Test of 60,000-kw. Westinghouse Compound Turbine. 

Example 46. — A 125-kw. turbo-generator is guaranteed to deliver full 
load on a steam consumption of 22.4 lb. per kw-hr., initial pressure 165 
lb. abs., 125 deg. superheat, vacuum 28 in. referred to 30-in. barometer. 


Bteam Pressuroi £bs.perSq. In. .Absolute 



During the acceptance test the machine delivered the rated load on a 
steam consumption of 23 lb. per kw-hr., initial pressure 180 lb. abs., 160 
superheat and 25-in. vacuum. Using the curves in Fig. 825, show whether 
or not the acceptance test meets with the guarantee. 
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Solution. — From curve 5, we find that the steam consumption at 
180 lb. pressure is 24.1 and at 165 lb. 24.7 lb. per kw-hr.; therefore, the 
test water rate should be increased 24.7 — 24.1 = 0.6 lb. to give the equiva- 
lent at 105 lb. From curve C the water rate at 160 deg. superheat is 22 
lb., and at 125 deg. 22.6 lb. per kw-hr.; therefore, the test water rate 
should be increased 22.6 — 22 = 0.6 lb. to give the equivalent at 125 
deg. From curve A the water rate at a 25-in. vacuum is 28 lb. and at 
28-in., 25 lb. per kw-hr.; therefore, the test water rate should be decreased 
28 — 25 = 3 lb. to give the equivalent at 28 in. The net corrected water 
rate is 23.0 + 0.6 + 0.6 — 3.0 = 21.2 lb. per kw-hr. against 22.4 lb. as 
guaranteed. 

Manufacturers frequently use percentage correction factors similar to 
those printed in the legend of Fig. 325. The accuracy of the corrected ” 
results depends, of course, upon the care with which the factors or curves 
are compiled. As a rule, the corrected water rate is an approximation 


Load In Thonaands of Kllowaite-ior VacnninOorractlon only; 
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Fig. 326. Correction Factors for a 30,000-kw. Westinghouse Compound Turbine. 


only, and decidedly so when test conditions depart considerably from those 
for which the turbine was designed. See N.E.L.A. Report No. 267-78. 

The overload capacity of any prime mover depends entirely upon the 
designation of the rated load. The maximum economy of the average 
piston engine lies between 0.7 and full load, and for this reason the rated 
load refers usually to this maximum economical load. Evidently, if the 
engine is rated under its maximum possible output, it is capable of no 
overload. Under the existing system of rating, the average coimterflow 
piston engine is capable of operating with overloads of 25 to 50 per cent, 
and some designs of uniflow engines as high as 150 per cent. According 
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to the old rating, the steam turbine was capable of overloads ranging from 
100 to 200 per cent and much confusion arose in determining the station 
load factor. Current turbine practice gives as the normal rating the 
maximum continuous load which can be carried for twenty-four hours. 
Since all modern turbines are designed for a point of best steam con- 
sumption somewhere, regardless of what their rating may be, the actml 
rating means little. 

Because of the various uses to which turbines are applied and on account 
of the extreme variation in design, general rules for approximating the cost 
of turbines are without purpose. Values based on rated capacity vary 
within such wide liritits that average figures are apt to lead to serious 
error. In a general sense, steam turbines are lower in first cost than 
steam engines of equivalent rated capacity, irrespective of size. 

Although the turbine is composed of a large number of parts as com- 
pared with a reciprocating engine of the same capacity, there are few 
moving parts and rubbing surfaces. The only contact between rotor and 
stator is in the main bearings, and the problem of lubrication is therefore 
a simple one. The absence of pistons, stuffing boxes, dash pots, etc., 
reduces the cost of maintenance and attendance to a minimum. 

The floor space rc(iuired by practically all types of turbines is con- 
siderably less than the space requirements of piston engines. Vertical, 
three-cylinder, compound, Corliss engines of the New York Edison type 
require the least floor space of any large slow-spced reciprocating engines, 
but take up about twice the space of a modern turbine installation of the 
same size. With non-condensing high-speed engines the comparative 
economy in space is less marked. The average floor space occupied by 
large turbine units is approximately 20 per cent that of engine units of 
equivalent capacity, but specific cases may be cited in which the ratio 
varies widely from the average. In the modern central station the actual 
space reduction per kilowatt of plant rating is much less than that referred 
to the prime mover only, because of the tendency toward less crowded 
conditions. 

The weight of the steam turbine is very small compared with a recipro- 
cating engine of the same horsepower. The New York Edison type of 
engine and generator weighs more than eight times as much as a turbine 
installation of equal capacity. The turbine, for this reason, and also 
because of the total absence of reciprocating parts, requires a relatively 
light foundation. In many instances the foundation consists of steel 
beams with concrete arches sprung between them resting upon the floor, 
and the basement underneath may be used for the condenser instead of 
the massive foundation required for the reciprocating engine. 

Characteristic Curves of Steam Turbines: Power Plant Engrg., Aug. 1, 1924, p. 797. ‘ 
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TABLE 64 

GXTAEAOTEED PERFORMANCE OF A NUMBER OF LARGE WESTINGHOUSE TURBO- 

ALTERNATORS 


Station 

No. of 
Cylin- 
ders 

Throt- 

tle 

Pres- 

sure 

Lb . 

Gage 

Throt- 

tle 

Tem- 

perature 

Deg. 

Fahr. 

Baek 
Free- 
sure 
In. Hg. 

R.p.m. 

Rated 

Ca^^ity 

Most 

Efficient 

Capacity 

Water Rate 
Lb . per Kw.-hr. 

Rated 

Capac- 

ity 

Most 

Effi- 

cient 

Capac- 

ity 

Barbados 

1 

285 

617 

1.5 

1,800 


16,000 

10.84 

10.75 

Battle Creek. . . 

1 

200 

588 

1 

1,800 




10.65 

Calumet 

1 

300 

647 

1 

1,200 

37,000 

30,000 

9.94 

9.82 

Cahokia 

1 

300 

700 

1 

1,800 

35,000 

30,000 

9.91 

9.78 

Colfax 

1 

265 

625 

1 

1,800 

30,000 




Colfax 

2 

265 

585 

1 






Crawford . . . . 

3 

550 

725 

1 




7.56 


Devon, Conn... 

1 

285 

617 

1.5 

1,800 

20,000 

16,000 

10.85 

10.70 

Grand Tower . . 

1 1 

350 

700 

1 

1,800 

20,000 

16,000 

9.90 

9.75 

* Hudson Ave. . 

2 

375 

700 

1 

1,800 

88,900 

75,500 

9.28 

9.10 

Kearney 

1 

325 

700 

1.5 

1,800 

35,000 

30,000 

9.79 

9.75 

Los Angeles . . . 

1 

350 

700 

1 

1,800 

30,000 

26,250 

9.49 

9.41 


* The capacities and water rates indicated are for straight condensing operation. This unit, however, is 
designed for and normally operates with stage feed heating. 


Influence of Initial Pressure and Temperature. — The great ma- 
jority of steam power plants are operating with steam pressures below 
350 lb. per sq. in. gage and temperatures below 700 deg. fahr., and, with 
the exception of the large central stations, these limits are not likely to be 
exceeded in the immediate future. Great improvement in overall station 
economy has been effected under these conservative pressure and tem- 
perature conditions by eliminating many of the losses formerly considered 
unavoidable, and to-day we have plants which are operating continuously 
with overall thermal efficiencies of 20 per cent as against 15 per cent of the 
plant of a decade ago. The tendency in the modern large central station, 
however, is toward higher and higher pressures and temperatures; plants 
are now in operation with initial pressures of 550 lb. gage and temperatures 
bf 730 deg. fahr. at the turbine throttle, and a few boilers are in operation 
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utilizing steam pressures up to 1300 lb. per sq. in. In fact, an experimental 
plant is operating in England in which the boiler pressure is maintained 
at 3400 lb., somewhat above the critical pressure. A study of the Rankine 
cycle and the performances of the stations employing pressures of 400 lb. 
gage and temperatures of 700 deg. fahr. shows that there is little net 
advantage in exceeding these limits for prime movers operating on the 
straight Rankine cycle. With the practical temperatures limited to 750 
to 800 deg. fahr., the increased range of expansion foi* initial pressures over 
400 lb. causes the steam to become saturated too early to permit the 
lower stages of the turbine to perform their function most advantageously. 
However, by reheating the steam about m dway of the total expansion 
and by bleeding the turbine at various points for feedwater heating, the 
gain due to increased pressures is such as to warrant the adoption of pres- 
sures far above those found in the average plant. This intermediate re- 
heating of the steam between stages and bleeding for heating purposes 
places the operation of the turbine in a cycle other than the straight 
Rankine. 

Because of the limitation of the Rankine cycle and the impracticability 
of the Carnot cycle, a number of other cycles have been adopted which 
offer higher theoretical, and are giving higher commercial, efficiencies than 
the former. Among them may be mentioned the 

(1) mercury-steam cycle 

(2) reheating cycle 

(3) regenerative cycle 

(4) reheating-regenerative cycle. 

Mercury-steam Cycle, — See paragraph 191. 

Reheating Cycle, — In this cycle the steam is withdrawn from the tur- 
bine after it has been partially expanded and reheated. The amount of 
heat added is sufficient not only to dry but to superheat the partially ex- 
panded steam, thereby increasing the hydraulic efficiency in the lower 
stages. The steam is then returned to the turbine and expanded to con- 
denser pressure in the usual manner. In some of the new plants, steam is 
generated at about 600 lb. gage pressure with a temperature of about 700 
to 750 deg. fahr. and passed through the high-pressure element of a com- 
pound turbine. The exhaust from the high-pressure element is reheated in 
a reheat boiler, or in a live-steam reheater, and returned to the low-pressure 
cylinder. In several plants now under construction, steam is to be gener- 
ated at 1200 to 1400 lb. gage and 725-750 deg. temperature and expanded 
through a small turbine to a pressure of 300-600 lb. gage. The exhaust 
from this high-pressure turbine is reheated to 500-750 deg. and then 
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discharged into the main turbine header. The efficiencies of the reheating 
cycle for various throttle pressures and reheating pressures as computed 
by C, F. Hirshfeld and F. 0. Ellenwood are shown in Fig. 327. The 
curves in Fig. 327 are based on initial or throttle temperatures of 700 






deg. fahr. and exhaust pressure of 1 in. Hg. abs. 
The points of maximum efficiency for each 
throttle pressure are connected by a dotted line 
so that the relation between throttle pressure 
^ and reheating pressure for maximum cycle 
^ efficiency are readily determined. The influ- 
§ ence of the number of stages on the efficiency 
is shown by the curves in Fig. 328. These 
^ curves, while strictly applicable only to the 
specific conditions involved, are general insofar 
as the general characteristics are concerned. 
It will be seen that the gain for more than 
three stages is negligible. Calculations for the 
Ratio of Reheatibg Pretsore reheating cycle will be found in paragraph 403. 

to Tbrottlo Preaaure o * r j i •• ni.i 

•p • I. borne engineers are of the opinion that the 

Fig. 327. Efficiency of r x- . i x- 

Reheating Cycle complication and expense of reheating is un- 
warranted and that satisfactory results may be 
obtained by removing part of the condensation within the dew-point stage 
of the turbine by means of some moisture-separating device and return- 
ing the moisture-free steam to the turbine. This solution is simple and 
cheap but data as to the actual perform- 


iMBani 


ance of such an arrangement are not 
available. 

Regenerative Cycle, — In this cycle the 
condensate from the turbine is passed 
through a series of feedwater heaters in 
which it is heated by steam bled from 
different stages of the turbine from which 
it has just emerged as condensate. With 
an infinite number of such feedwater 
heaters, the condensate could be brought 
up to boiler temperature. For constructive 



Number of Stages 


Fig. 328. Influence of Number of 
Stages in Reheating Cycle. 


and operative reasons, it is impractical to use more than five stages, so that 
the ideal cycle can only be approximated. With the present type of 
turbines, it appears that this approximate regenerative cycle is the best to 
use in large stations since it gives high heat economy, has good operating 
characteristics, and the first cost is not excessive. This is particularly 
so for pressures above 600 lb. gage. A comparison between the theoretic^ 
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thermal efficiency of the Carnot cycle, the Rankine cycle, and a regenera- 
tive cycle using saturated and superheated steam for various initial pres- 


Kankine Cjrolo 12.U0 | 

Regenerative Cycle 12:i45 


liiFiiiiiiil 


m 


Temperataro; Dog. Fahr. 

Fig. 329. Theoretical Thermal Efficiency of Various Cycles. 

sures and temperatures is shown in Fig. 329. The particular regenerative 
cycle used in Fig. 329 is ana- 
lyzed in paragraph 404. It will 
be seen that the regenerative 
cycle follows very closely the 
efficiency of the Carnot cycle, 
while the Rankine cycle falls 
below the Carnot cycle increas- 
ingly with the rise of pressure. | 

Figure 330 shows the rela- | 

tion between throttle pressure g 

and temperature and the | 

bleeding temperature to give “ 

maximum efficiency on a re- 
generative cycle proposed by 
Hirshfeld and Ellenwood (see 
paragraph 404). There are 
several stations in this country 
operating on a modified re- 
generative cycle in which the Ihrouie Pressure, Lb per 8q. In. Ab«. 

turbine is bled at one to five Fig. 330. Maximum Efficiency and Correspond- 
points, and a number are in Temperature of Regenerative 

course of construction. Cal- 
culations for the regenerative cycle will be found in paragraph 404. 


Throttle Temp. 700 F. 
Exhaust Prea. 1 in. Hg. 
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Reheating-regenerative Cycle. — The bleeding process improves the effi- 
ciency by transferring energy within the cycle, and the reheating process 

adds energy where its 
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Fio. 331. Thermal Efficiency of Various Cycles. 


availability for work is 
high. It would appear, 
therefore, that a com- 
bination reheating-re- 
generative cycle would 
have some advantages 
over any of the others 
mentioned. The curves 
in Fig. 331 show the 
relation between theo- 
retical efficiency and 
initial pressure for vari- 
ous cycles, in which the 
conditions are as fol- 
lows: Steam conditions 
A to F inclusive — in- 
itial temperature 750 deg. fahr., back pressure 1 in. Hg. Steam conditions 
for Curve H — initial temperature 1000 deg. fahr., back pressure 1 in. Hg, 
Bleeding points — 240 deg. fahr. or 25 
lb. in one-stage cycles; 280 and 180 
deg. fahr. or 50 lb. and 7.5 in. Hg. in 
two-stage cycles. The probable turbo- 
generator efficiencies or efficiency ra- 
tios for the various cycles with varying 
pressures are shown in Fig. 333. It 
will be noted that the efficiency de- 
creases with the increase in initial 
pressure for all cycles but is less pro- 
nounced with the reheating cycle. 

Reheating in Central Stations. W. J. 

Wohlenberg, Mech. Engrg., May 1924, 
p. 269. 

The available energy per cu. ft. of 
steam is important to en- 
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exhaust 

gineers, in that it is a partial measure 
of the relative sizes and costs of 
turbines required to give the same 
power when operating on the different cycles. The curves in Fig. 332 show 
the superiority of the regenerative cycle for the conditions indicated. 


Available Energy per Cu. Ft 
of Exhaust Steam. 
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For the ordinary low-load-factor plant, it is doubtful if pressures and 
temperatures higher than those now in use will be commercially more 
economical, because of the increase in investment and plant complication; 
but for base-load plants greater investment is justified and many of the 
present revolutionary designs may 
be standard practice in the not 
distant future. See also paragraph 
372. 

ms. Influence of High Vacua. | 

— The possible economy of the | 78 
reciprocating engine is greatly re- g 
stricted by its limited range of | 
expansion. Cylinders cannot be 
profitably designed to accommo- :|i 
date, the rapid increase in the 
volume of steam when expanded J 
to very low pressures. For ex- 
ample, the actual volume of 1 
lb, of steam under a vacuum 
of 29 in. (referred to a 30-in. 

barometer) is about 667 cu. ft., ooo r. u i-i rr. V. ~ ‘ . ms 

, , . , , Fig. 333. Probable Turbo-generator Effi- 

or nearly double its volume (Efficiency Ratio) for Variou. 

under a vacuum of 28 in. Usu- Cycles, 
ally the exhaust is opened at a 

pressure of 6 or 8 lb. abs. and consequently a large proportion of the avail- 
able energy is lost. The lower vacuum in the exhaust pipe, therefore, 
serves only to diminish the back pressure and does not affect the com- 
pleteness of expansion. Even if it were practical to expand to 1 lb. abs., 
the increased condensation in the reciprocating engine would probably 
offset any gain due to expansion unless the steam were highly superheated. 
A study of a number of tests of reciprocating engines shows but a slight 
improvement in overall plant economy due to increasing the vacuum 
beyond 26 in. Tests of steam turbines show a decrease in steam con- 
sumption of about 5 per cent for each inch of vacuum between 25- and 27- 
in. vacuum, 6 per cent between 27- and 28-in. and 8 to 12 per cent between 
28- and 29-in. These values are approximate only, since the influence 
of vacuum on the steam consumption varies greatly with the t 3 q)e and 
size of turbine. 

Since the volume of the steam increases very rapidly with the decrease 


in back pressure, the corresponding capacity and power required by the 
air and circulating pumps becomes proportionately larger. There is 
consequently a point where the improvement in steam economy fails to 
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exceed the increased power demanded by the anxiliaries. This is illus- 
trated graphically in Fig. 334. The values in Fig. 334 refer to a specific 
case only, but the general principle is the same for all conditions. In the 
older types of condensing equipment, the cost of maintaining the vacuum 
above 27 in., referred to a 30-in. barometer, increased very rapidly with 



Fia. 334. Influence of Vacuum on Cost of Power. 


the increase in vacuum. In the modern plant, vacua amounting to 97 
per cent of the theoretical maximum (as determined by the temperature 
of the cooling water) are readily maintained without excessive cost. 
This influence of vacuum on the economy of a 30,000-kw. turbo-alternator 
is shown in Fig. 334. 

Modem Tendencies in Steam Turbine Plants: Power Plant Engrg., May 1, 1926, p. 525. 

Determining the Leewing Loss and Limiting Vacuum of a Steam Turbine. B. C. 
Sprague, Power, Dec. 16, 1924, p. 976; Mar. 17, 1925, p. 419. 

Considering the thermal efficiency of the steam-turbine electric unit as 
the ratio of the heat equivalent of the energy delivered by the generator 
to the busbars, to the heat content of the steam supplied to the turbine 
less the heat content of the condensate returned to the boilers, the progress 
made in the efiSciency of such units in the United States from 1903 to 1927 
is substantially as follows; 
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Index 

Year 

Size and Type of Turbo-generator 
Units 

Initial 
Pressure, 
Lb. Gage 

Temp, at 
Throttle, 
Deg. Fahr. 

B.t.u. per 
Kw-Hr. 

Thermal 

Eff.of 

Unit, 

Per Cent 

A 

1903 

5000-kw. No bleeding; no re- 







heating. 

175 

378 

23,500 

14.5 

B 

1914 

20,000-kw. No bleeding; no 







reheating. 

200 

588 

14,500 

23.6 

C 

1923 

30, 000-35, 000-kw. No bleed- 
ing; no reheating. Average 
good practice. 

230 

625 

13,350 

25.6 

D 

1923 

3q,000-45,000-kw. No bleed- 







ing; no reheating. Most 
efficient stations. 

250 

6,50 

12,500 

27.2 

E 

1924 

30, 000-50, 000-kw. Bleeding 






but no reheating. 

375 

700 

11,200 

30.5 

F 

1924 

35,000-60, 000-kw. Bleeding; 







single stage reheating. 

550 

72.5 

10,300 

33.1 

G 

1927 

45,0(Xl-90, 000-kw. Bleeding; 

single-stage reheating. 

600 

730 

10,100 

33.8 

H 

? 

Proposed new stations. 







200, 000-kw. Bleeding; re- 

heating. 

1 

1200 

750 

8,500* 

40* 


Considering the thermal efficiency of the entire plant as the ratio of 
the heat equivalent of a kw-hr. (3415 B.t.u.) to the heat value of the coal 
consumed per kw-hr., the improvement in overall plant efficiency during 
the past 20 years is substantially as follows: 


Index 

Year 

Plant 
Efficiency, 
Per Cent 

Lb. of 14,000 
B.t u. Coal 
Per Kw-IIr. 

Index 

Year 

Plant 
F.fficiency, 
Per Cent 

Lb. of 14,000 
B.t.u. Coal 
per Kw-Hr. 

A 

1903 

9 2 

2.64 

E 

1924 

21 7 

1 13 

B 

1914 

15.5 

1.57 

F 

1924 

23 6 

1.04 

C 

1923 

17.1 

k43 

G 

1927 

1 27.3 

0 89 

D 

1923 

19 

1.28 

H 

? 

35.0* 

0 70* 


* Expected Results. 


PROBLEMS 

1. Steam expands adiabatically in a frictionless nozzle from an initial pressure of 
200 lb. per sq. in. abs., superheat 200 deg. fahr., to a back pressure of 1 in. abs., weight 
discharged 7200 lb. per hr.; required: 

a. Velocity of the jet at the throat. 

b. Maximum spouting velocity. 

c. Diameter of the throat. 

d. Diameter of the mouth. 

6. Quality of the steam at the mouth. 
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2. If the jet in Problem 1 impinges tangentially against a set of moving vanes and 
leaves them with residual velocity of 500 ft. per sec., required: 

а. Velocity of the vanes, neglecting all friction and leakage losses. 

б. Horsepower imparted to the rotor. 

c. Force exerted against the vanes. 

d. Water rate, lb. per hp-hr. 

3. Same conditions and requirements as in Problems 1 and 2 except that the cnergy- 
eflBciency of the nozzle is 94 per cent and the loss of energy between inlet and exit of 
the vanes is 15 per cent of the total heat drop. 

4. If the nozzle in Problem 1 is to be used in connection with a multi-pressure steam 
turbine, required the theoretical number of stages necessary for a peripheral velocity 
of 450 ft. per sec. Jet impinges tangentially against the rotor and all of the available 
energy is absorbed in driving the rotor. 

6. A single-stage impulse turbine (De Laval type) develops 200 hp. under the fol- 
lowing conditions: Initial pressure 153 lb. abs., back pressure 4 in. abs., superheat 
60 deg. fahr., water rate 14.4 lb. per hp-hr., nozzle angle 20 deg., peripheral velocity 
of the rotor 1200 ft. per sec. Required: 

а. Thermal efficiency. 

б. Rankine cycle ratio. 

c. B.t.u. per hp. per min. 

6. Construct the theoretical velocity diagram for the conditions in Problem 5 and 
sketch in the blade outlines. Neglect all losses. 

7. Construct the theoretical velocity diagram for a 750-hp., 2-8tagc Curtis turbine 
operating imder the following conditions: Initial pressure 175 lb. abs., superheat 150 
deg. fahr., back pressure 2 in. abs. Nozzle angle 20 deg., peripheral velocity 500 ft. 
per sec. Each stage consists of two rotating elements and one stationary clement. 
Assume equal heat drop in each stage and neglect residual energy. 

8. Construct the velocity diagram and calculate the work done per stage in a fric- 
tionless reaction turbine for the following conditions: Heat drop per stage, 16 B.t.u. 
per lb. of steam, peripheral velocity to be the maximum theoretically possible for the 
given conditions, exit angle 30 dog., entrance angle 0. Other conditions as in Prob. 7. 

9. Determine the weight of water to be stored in a regenerator to operate a 1000-hp. 
exhaust steam turbine for 6 minutes if the steam supply is entirely cut off; pressure 
drop 15 to 12 lb. abs., turbine water rate 28 lb. per hp-hr. 

10. A 300-kw. non-condensing turbine operating on steam superheated 100 deg. 
fahr., 150 lb. gage initial pressure and 2 lb. gage back pressure furnishes current for power 
and lighting. If the Rankine cycle ratio at full load is 45 per cent (e.hp. basis) and the 
no-load steam consumption is 12 per cent of that at full load, determine the probable 
water rate at one-half, three-quarters and full load operation of the unit. 

11 . Ten thousand lb. of steam are to be extracted from the 18-lb. abs. stage of a 
20,000-kw. turbine when operating at full load. If the initial pressure is 200-lb. gage, 
superheat 160 deg. fahr. and vacuum 28 in., determine the weight of steam which must 
be added to the throttle in order to develop rated capacity under full extraction. Assume 
the quality at extraction to be 6 per cent higher than for adiabatic expansion and that 
at eidiaust, 7 per cent. 



CHAPTER XII 
CONDENSERS 


'^ 216 . General. — The primary object of condensing is the reduction 
of back pressure, although the recovery c* the condensate may be of 
equal importance. If a given volume of saturated steam be confined in 
a closed vessel, abstraction of heat will result in condensation of part of 
the vapor with a corresponding drop in temperature and pressure. The 
greater the amount of heat abstracted, the greater will be the amount 
condensed, and the lower will be the temperature and pressure. All of 
the vapor can never be condensed in practice, since this would necessitate 
a lowering of the temperature to absolute zexO, or 492 degrees below the 
fahrenheit freezing point; consequently, the pressure can never be re- 
duced to zero. With water as the cooling medium, the minimum tem- 
perature to which the vapor can be reduced is 32 deg. fahr., corresponding 
to a pressure of 0.0886 lb. per sq. in. or 0.1804 in. of mercury. This 
represents, therefore, the lowest condenser pressure possible in practice. 
Condensing results in reduction of pressure only when the vapor is con- 
tained in a closed vessel.'^ Thus if the vessel is open to the atmosphere 
heat abstraction will result in condensation, but the pressure will not 
fall below that of the atmosphere. 

The standard atmospheric pressure at sea level and at latitude 45 
degrees is 14.6963 lb. per sq. in., corresponding to a mercury column 
29.921 in. in height, temperature of the mercury 32 deg. fahr. For any 
other temperature there will be a corresponding height of column because 
of the expansion or contraction of the mercury. Steam tables are based 
on a standard pressure of 29.921 in. of mercury at 32 deg. fahr. and for 
this reason it is convenient to transfer the observed barometer and mer- 
curial vacuum gage readings to the 32-degree standard. 

The mercury column correction for any change in temperature may be 
closely approximated by the equation 

0.000101 - 01 (192) 

in which » 

h = height of mercury column corrected to temperature t, 

hi =* observed height of mercury column, 

501 
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0 

ti == observed temperature of mercury column, 
t = temperature to which column is to be referred. 

Example 47, — If the height of mercury in a vacuum gage is 28.52 in., 
temperature 80 deg. fahr., and the barometer column is 29.85 in. in height, 
temperature 62 deg. fahr., transfer the readings to the 32-degree standard. 

Solution. — For the barometer: 

h = 29.85 [1 - 0.000101 (62 - 32)] = 29.77 in. 

For the vacuum gage: 

h = 28.52 [1 - 0.000101 (80 ~ 32)] = 28.37 in. 

Absolute back pressure = 29.77 — 28.37 = 1.40 in. 

Vacuum referred to 32-deg. standard = 29.92 — 1.40 = 28.52 in. 

In condenser work, it is common practice to refer the reading of the 
vacuum gage to a 30-in. barometer, in which case it is necessary to in- 
crease the standard temperature of the mercury to such a figure as will 
increase the height of the barometer from 29.921 to 30-in.; viz., 58.15 
deg. fahr. Thus, if the barometer and vacuum gage readings are corrected 
to a temperature of 58.15 deg. fahr. the difference between the figures 
will give the absolute pressure in in. of mercury at 58.15 deg. fahr., and 
if the difference is subtracted from 30 in. the result will give the inches of 
vacuum referred to a 30-in. barometer. According to A.S.M.E., 1915 
Power Code, a 30-in. barometer refers in round numbers to a standard 
atmosphere with mercury at an ordinary temperature of 68 deg. fahr. 


TABLE 65 

PRESSURE OF AQUEOUS VAPOR 
IN. OF MERCURY REFERRED TO 30-IN. BAROMETER 


Deg. 

Fahr. 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

30 



0.181 

0.188 

0.196 

0.204 

0.212 

0 221 

0.229 

0.239 

40 

0.248 

0.2^ 

0.268 

0.279 

0.290 

0.301 

0.313 

0.325 

0.337 

0.350 

. 60 

0.363 

0.377 

0.391 

0.406 

0.421 

0.437 

0.453 

0.470 

0 487 

0.505 

60 

0.523 

0.542 

0.561 

0.581 

0.602 

0.624 

0.646 

0.669 

0.692 

0.716 

70 

0.741 

0.766 

0.792 

0.819 

0.847 

0.875 

0.905 

0.935 

0.966 

0.998 

80 

1.032 

1.066 

1.101 

1.137 

1.174 

1.212 

1.251 

1.292 

1.334 

1.376 

90 

1.420 

1.465 

1.511 

1.559 

1.608 

1.659 

1.710 

1.763 

1.817 

1.873 

100 

1.93 

1.99 

2.05 

2.11 

2.17 

2.24 

2.31 

2.38 

2.45 

2.55 

no 

2.59 

2.67 

2.75 

2.83 

2.91 

2.98 

3.08 

3.17 

3.26 

3.35 

120 

3.45 

3.54 

3.64 

3.75 

3.85 

3.96 

4.07 

4.18 

4.29 

4.41 

130 

4.52 

4.65 

4.77 

4.90 

5.03 

5.17 

5.30 

5.44 

5.59 

5.74 

140 

5.89 

6.04 

6.19 

6.36 

6.53 

6.69 

7.04 

7.22 

7.40 

7.58 



CONDENSERS 


503 


Example 48. — Height of mercury in vacuum gage 28.52 in., temperas 
ture of mercury 80 deg. fahr., barometer 29.85 in., temperature 42 deg. 
fahr. ; determine the vacuum referred to a 30-in. barometer. 

Solution. — For the vacuum gage 

h = 28.52 [1 - 0.000101 (80 - 58.15)] = 28.46 in. 

For the barometer 

h = 29.85 [1 - 0.000101 (42 - 58.15)] = 29.9 in. 

Absolute pressure in in. of mercury at temperature 58.15 deg. fahr. = 
29.9 - 28.46 = 1.44 in. 

Vacuum referred to 30-in. barometer = 3C — 1.44 = 28.56 in. 

According to Dalton’s Laws: (1) The mass of a given kind of vapor 
required to saturate a given space 
at a given temperature is the same 
whether the vapor is by itself or 
associated with vaporless gases; 

(2) the maximum tension of a 
given kind of vapor at a given 
temperature is the same whether 
it is by itself or associated with 
vaporless gases; (3) in a mix- 
ture of gas and vapor the total 
pressure is equal to the sum of 
the partial pressures. The final 
pressure Pc is therefore the com- 
bined pressure of the air Pa and 
that of the vapor P„, or, assum- 
ing complete saturation, 

Pc-^Pa+Pv (193) 

Assuming that volume, pres- 
sure, and temperature of air and 
water vapor under atmospheric 
and condenser conditions follow 
the law of the ideal gas, we 
have 

PaVa/Ta = Constant = 0.754 (194) 

in which 

Pa == pressure of the dry air, in. of mercury at 32 deg. fahr., 

Va = volume of 1 lb. of dry air, cu. ft., 

Ta = absolute temperature of the dry air, deg. fahr. 



Fio. 335. Weight of Water Vapor in 1 lb. of 
Dry Air at Various Vacua and Tempera- 
tures. 
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Combining equations (193) and (194) and transposing, we have 

Va = 0.754 Ta/(Pc - Pv) (195) 

According to Dalton^s law, Va is also the volume of 1 lb. of dry air 
when saturated with water vapor under condenser pressure Pc- In other 
words, Va is the volume of air-vapor mixture at pressure Pc which must 
be exhausted in order to remove 1 lb. of dry air. Knowing the density 
and pressure of the vapor content, it is a simple problem to calculate the 
weight of vapor contained in 1 lb. of dry air. The curves in Fig. 335 
were calculated in this manner and serve to visualize this relationship. 

Example 49. — If the absolute pressure in a condenser is 4 in. and the 
temperature of the air-vapor mixture is 100 deg. fahr., calculate the per- 
centage of air by weight in the mixture. 

Solution. — From steam tables, P^ at 100 deg. fahr. = 1.93 in., and 
the corresponding density is 0.00285 lb. per cu. ft. 

Substituting Pj, = 1.93, Pc = 4.00 and Ta = 560 in equation (195) 
and solving 

V = (0.754 X 560) (4.00 - 1.93) = 204 

The corresponding density is 1 204 = 0.00491 lb. per cu. ft. 

Let v= volume of the condenser chamber, cu. ft. 

Then the total weight of the mixture is 

0.00491V + 0.00285V = 0.00776v 
And the percentage of air in the mixture is 

6.00491v/0.00776v X 100 = 63.2 per cent. 


Example 60. — If the temperature within a condenser is 110 deg. fahr., 
and there is entrained with the steam 0.2 lb. of air per lb. of steam, re- 
quired the maximum degree of vacuum obtainable. 


Solution. — One lb. of saturated steam at a temperature of 110 deg. 
fahr. occupies a volume of 265.5 cu. ft. The corresponding vapor tension 
is 2.589 in. of Hg. This must also be the volume occupied by 0.2 lb. of 
air mixed with it, and the temperature of the air is that of the vapor 
(110 deg. fahr.). Then from equation (194), 


0.754(110 + 460) 
265.5 0.2 


0.324 in. of Hg. 


From equation (193), 

Pc = 0.324 + 2.589 = 2.913 in. of Hg. 
And the vacuum 


= 29.921 - 2.918 » 27.01 in. 
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If the temperature within the condenser in the preceding example were 
80 deg. fahr., the pressure of the air would be 0.129 in. of mercury, and 
that of the vapor would be 1.031 in. Evidently the cooler the air-vapor 
mixture, the better will be the degree of vacuum. While it is desirable to 
cool the air and water vapor as much as possible, the condensate should 
be returned to the boiler at the highest possible temperature. In modern 
condenser practice this is accomplished by withdrawing the air and con- 
densate separately, the former after it has been cooled by contact with 
the coolest tubes, the latter with as little contact as possible after con- 
densation has occurred. 

A condenser is a device in which the process of condensation and sub- 
sequent removal of the air and condensed steam is continuous, the degree 
of vacuum obtained depending upon the tightness of valves and joints, 
the quantity of entrained air, and the temperature to which the condensed 
steaih is reduced. 

The degree of vacuum may be expressed in different ways. (1) Excess 
of the atmospheric pressure over the observed vacuum. For example, a 
26-in. vacuimi implies that the pressure of the atmosnhere is 26 in. of 
mercury above the pressure in the condenser. (2) Per cent of vacuum, 
by which is meant the ratio of the observed vacuum to the atmospheric 
pressure. Thus, with the barometer standing at 30 in., a vacuum of 
26 in. may be expressed as 100 X 26 -f- 30 = 86.6 per cent vacuum. 
This method of expression gives an idea of the efficiency of the condensing 
system. For example, the degree of vacuum indicated by 26 in. would 
be 93 per cent with a barometric pressure of 28 in., but only 84 per cent 
when the barometer reads 31 in. (3) Absolute pressure. Thus, a 26-in. 
vacuum referred to a 30-in. barometer would be indicated as a pressure 
of 30 — 26 = 4 in. abs., or 1.99 lb. per sq. in. Preference is given to the 
last method. 

The place of measurement of the vacuum should be stated, since the 
lowest back pressure will be found at the air-pump suction, a higher 
pressure in the body of the condenser, and the highest at the prime mover 
exhaust nozzle. 

The Meaning of Atmospheric Pressure: Power, Nov. 20, 1923, p. 811. 

217. Effect of Aqueous Vapor upon the Degree of Vacuum. — The 

futility of attempting to better the vacuum by exhausting the vapor is 
best illustrated by a specific example. 

Example 61. — Required the volume of aqueous vapor to be withdrawn 
per hr. from a condenser operating imder the following conditions, in order 
that the vacuum may be increased 1 lb. per sq. in.: Temperature of dis- 
charge water 125 deg. fahr.; correspondingly vapor tension 4 in. of mer- 
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cury; barometer 30 in.; relative vacuum 26 in.; engine 100 hp.; steam 
consumption 20 lb. per hp-hr.; cooling water 25 lb. per lb. of steam con- 
densed. 

Solution. — 100 X 20 X 25 = 50,000 lb. of cooling water per hr. 

— 833 lb. of cooling water per min. 

Now, to increase the vacuum 1 lb. per sq. in., approximately 2 in. of 
mercury, the temperature of the water must be lowered to 102 deg. fahr., 
that is, 833 (125 — 102) = 19,159 B.t.u. must be abstracted from the 
water in 1 min., or 19,159/1030 = 18.6 lb. of water must be evaporated 
per min. (1030 = average heat of vaporization of water under 
26 to 28 in. of vacuum.) Now, 1 lb. of vapor at 102 to 125 deg. fahr. has 
an average volume of 255 cu. ft.; therefore, 18.6 X 255 = 4633 cu. ft. 
of vapor must be exhausted per min. to increase the vacuum from 26 to 
28 in., which, while not impossible is manifestly impracticable for so small 
a condenser. 

^ W8. Classification of Condensers. — Steam condensers may be grouped 
into two broad classes: 

Jet Condensers in which the steam and cooling water mingle and the 
steam is condensed by direct contact. 

Surface Condensers in which the steam and cooling medium are in 
separate chambers and the heat is abstracted from the steam by con- 
duction. 

Jet condensers may be arranged with either parallel flow, in which the 
condensed steam, cooling water, and non-condensable gases flow in the 
same direction, and counter current in which the cooling water and steam 
with its air entrainment flow against each other. Jet condensers may 
also be classified as low-level and barometric. In the former the con- 
densate and cooling water are removed and discharged against atmos- 
pheric pressure by means of the pump, and in the latter, withdrawal of the 
condensate and cooling water is effected by a pipe (34 ft. in length or more) 
called a tail pipe, or barometric column. With the low-level type the 
injection or condensing water is lifted into the condenser from the coldwell 
by the vacuum, while, with the barometric type, an injection or circulating 
pump is necessary to overcome part of the lift to the condensing chamber. 
Jet condensers in which the cooling water, condensate vapor, and non- 
condensable ^ases are withdrawn by a single piston pump are frequently 
designated as low-vacuum condensers because of the limited air capacity 
of the pump. In case the air-vapor mixture is removed by a separate 
pump or ejector, higher vacua are obtainable and the condenser is known 
as a high-vacuum jet condenser. Under certain conditions the air vapor 
and water can be removed by the kinetic action of the steam, in which 
case the condenser is designated as a siphon or ejector condenser. 
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Surface condensers may be classified, according to the nature of the 
cooling medium, as water-cooled, air-cooled or evaporative. In the latter 
type, the condensation of the steam is brought about by the evaporation 
of a fine spray or stream of water flowing across the surface of the tubes. 
Surface condensers may also be arranged, according to the relative position 
of the steam and water, as standard, in which the steam surrounds the 
tubes, and water works, in which the steam is inside the tubes. 

219. Low-levol Jet Condensers. — Figure 336 shows a section through 
the condensing chamber and water end of a low-level ’ low-vacuum 
condenser illustrating the parallel-flow principle. This particular design 
is suitable for condensing small quantities of 
steam (25,000 lb. per hr. or less) where vacua 
over 26 in. are not necessary and where low first 
cost is of prime consideration. Unless the heat 
of the exhaust steam from the pump cylinder is I 1^*****^^ 

used for feedwater heating or other purposes, the J ! ^ 

amount of steam required to operate the con- J 

denser may be prohibitive because of the ex- T 

tremely high water rate of the direct-acting type I J 

of pump. Operation is as follows: \ a 

When the pump is started, a partial vacuum | | 

is created in the suction chamber above the xM'- ' 

valves H, H, in the cone F. As soon as suffi- 
cient air has been exhausted, cooling water enters 
at B with a velocity depending upon the degree ' 

of vacuum in chamber F and the suction head, = 
and is divided into a fine spray by the adjust- J 

able serrated cone D. The spray mingles with 
the exhaust steam entering at A, and both move || 

downward with diverse velocities. The steam ^ ^ " 

gives up its heat to the water and condenses. ^w-level Low- 

^ ,. '.1 .. vacuum Jet Condenser 

The velocity of the steam diminishes in its with Direct^cting Steam- 

downward path to zero, while the velocity of driven Vacuum Pump, 
the water increases according to the laws of 

falling bodies. The condensed steam, cooling water, and air collect at 
the lower part of the condenser and are exhausted by the wet-air pump 
G, from which they are forced through opening J to the hotwell. The 
vacuum in chamber F will depend upon the vapor tension of the warm 
water in the bottom of the well, the amount of air carried along by the 
cooling water and steam, and the tightness of valves and joints. In case 
the water accumulates in the condenser cone F, either by reason of an 
increased supply or by a sluggishness or even stoppage of the pump, the 


Fig. 336. Low-level Low- 
vacuum Jet Condenser 
with Direct-acting Steam- 
driven Vacuum Pump. 
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condensing surface is reduced to a minimum, as soon as the level of the 
water reaches the spray pipe and the spray becomes submerged, and only 
a small anmilar surface of water is exposed to the exhaust steam. The 
vacuum is immediately broken, and the exhaust steam escapes by blow- 
ing through the injection pipe and through the valves of the pump and 
out the discharge pipe at J, forcing the water ahead of it; consequently, 
flooding of the steam cylinder cannot occtir. In starting up the condenser, 

a partial vacuum for inducing a flow of 
injection water into the condenser chamber 
may be created by the pump if the suction 
lift i s not too great. Many engineers, how- 
ever, prefer to install a small forced injec- 
tion or priming pipe, the function of. which 
is to condense sufficient steam to produce 
the necessary partial vacuum. This type 
can be used only where the injection nozzle 
is less than 18 to 20 ft. above the water 
supply. 

Figure 337 shows a section through the 
condensing chamber of a vertical low-level 
jet condenser with an automatic vacuum- 
breaking device. The vacuum pump is 
either of the direct-acting or flywheel type, 
the latter being more economical in the 
use of steam. The injection water enters 
at opening marked “ injection and flows 
through the adjustable ‘‘ spray ” nozzle 
in a fine spray at an angle of about 
45 degrees, and impinges on the conical 
sides of the upper condenser chamber. 
The spray falls from the sides to the 
projecting ledges shown in the illustra- 
tion. The ledges prevent the spray from 
falling directly to the bottom of the chamber, and insure an efficient 
mingling of steam and cooling water. A perforated copper plate is 
substituted for the shelves when the force of the injection water is 
not sufficient to produce spray. The circulating water and condensed 
steam, together with the non-condensable gases, are drawn off at 
the bottom of the chamber. The vacuum-breaking device is shown at 
the right of the figure. When the rising water reaches the level of the 
float chamber, as in the case of an accidental stoppage of the air pumps, 
tile float is raised and forces a check valve from its seat and allows an 



Fig* 337. Section through Con- 
densing Chamber of a Low- 
level, Low-vacuum Jet Con- 
denser with Vacuum Breaking 
Device. 
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inrush of air to break the vacuum, thus preventing further suction of 
water into the condenser and consequent flooding of the engine. A is the 
forced injection or priming ” inlet used in starting up when the suction 
lift is considerable. 


Jet condensers of the 
type shown in Figs. 336 
and 337 are not common 
in modem practice, be- 
cause of the limited ca- 
pacity of the piston type 
of vacuum pump. In 
present day practice the 
pump is of the centrif- 
ugal or rotary type and 
the ^ir and water are 
usually withdrawn sepa- 
rately. 

The low-vacuum type 
of jet condenser is not 
suitable for high vacua 
because of the limited 
air capacity of the com- 
bined air and circulating 
water pump. Even with 
a tight system, consid- 



Fig. 338. Westinghousc-Leblanc Multi-Jet 
Iligh-vacuum Condenser. 


erable air is carried into the condenser with the circulating water, and 
efficient removal of the air necessitates a largei pump capacity than is 
usually furnished with this type of condenser. Low-level jet con- 


Snctlon 



Fig. 339. Section through a Westinghouse- 
Leblanc Air Pump. 


densers may be operated with a 
high degree of vacuum by equip- 
ping them with independent air 
and circulating pumps. Exam- 
ples of this type of jet condenser 
are illustrated in Figs. 338 and 
340. Referring to Fig. 338, which 
gives a sectional view of the 
Leblanc type of condenser, steam 
enters the condensing chamber 


as indicated and meets the cooling water injected through the spray 


nozzles. The condensed steam and injection water fall to the bottom of 


the vessel and are removed by the centrifugal pump. The air-vapor 
mixture is withdrawn from near the top of the condenser body where the 
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temperature is the lowest, into the suction inlet of the air pump. Refer- 
ring to Fig. 339 which shows a section through the air pump, it, will be 
seen that this device consists primarily of a multi-vane wheel in conjunction 
with an ejector. Sealing water is introduced into the central chamber, 
from which it is discharged through the “ distributor.^' It is then caught 

up by the blades of the wheel, which 
is rotated at a suitable speed, and 
ejected into the discharge cone in the 
form of thin sheets having a high 
velocity. These sheets of water meet 
the sides of the collector cone " and 
thus form a series of water pistons, 
each of which entraps a small pocket 
of air and forces it out against the 
atmospheric pressure. In passing 
through the air pump, the sealing 
water receives practically no increase 
in temperature, hence the same water 
may be used over and over again. 
The air pump rotor and main pump 
runner are mounted on the same shaft. 
In starting up, the condenser steam 
is turned into an auxiliary nozzle, 
Fig. 339, for a few moments, thus 
creating sufficient vacuum to start the 
regular flow of water through the air 
pump. 

Low-level jet condensers equipped with centrifugal vacuum pumps are 
also known as centrifugal jet condensers. They may be either of the 
parallel-flow type. Fig. 338, with exhaust inlet at the top, or of the counter- 
current type. Fig. 341, where the exhaust steam enters at the side of 
the condenser. Cooling water may be drawn into the chamber through 
orifices. Fig. 338, thereby producing a spray, or it may be distributed 
through the chamber by a series of pans or trays which break it up into a 
number of small streams and create a rain effect. Fig. 341. 

The air-vapor mixture is removed from the condensing chamber by dry 
vacuum pumps of the piston or rotative type, hydraulic or ** hurling- 
water ” vacuum pumps, and steam ejectors. These auxiliaries are fully 
described in paragraphs (280) to (286) and need not be considered here. 
For maximum capacity the temperature of the air-vapor mixture should 
be lowered to practically that of the injection water. This is automatic- 
al^ effected in the counterflow type because the air is forced to pass 



Pig. 340, C. H. Wheeler Low-level 
Jet Condenser. 
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through the coldest part of the circulating water in its passage to the air 
pump. The same result may be obtained in the parallel-flow type by a 
proper location of the air-pump suction opening. The parallel-flow prin- 



Fig. 341. Rain-type, Low-level, Centrifugal Jet Condenser. 


Water Inlet^, 


ciple has the advantage over the counterflow in that the kinetic action of 
the steam forces part of the air-vapor mixture into the Sc*ction of the water 
pump and thereby reduces the cjuantity to be handled by the air pump. 

The circulating water, condensate, and air- 
vapor mixture may be discharged without the 
aid of a barometric column or vacuum pump, 
by a special design of the circulating water and 
steam nozzles. Such a device is illustrated in 
Fig. 342 and is generally known as an ejector 
condenser. Referring to Fig. 342, it will be 
seen that the circulating water passes through 
a Venturi-shaped conduit, the central body of 
which is provided with a number of inclined 
nozzles for entrance of the exhaust steam. The 
shape of the water inlet is such as to convert 
the static pressure to velocity. The high- 
velocity water jet meets the exhaust entering 
through the circumferentially placed steam 
nozzle and forces the condensate with its 
air-vapor entrainment into the tail pipe or 
lower end of the conduit. The gradually in- 
creasing diameter of the latter is for the pur- 
pose of converting the velocity to pressure in order to overcome the re- 
sistance of the atmosphere. The tail pipe is always filled with water to 
prevent the air from entering the body of the condenser. This design 



DUcharge 

Fig. 342. Schutte Educ- 
tor Ejector Condenser. 



512 


STEAM POWER PLANT ENGINEERING 


Eztaaiut 


of condenser is low in first cost and in cost of operation^ but is limited 
to comparatively small-sized units. 

The condenser should be installed vertically, with 3 ft. of pipe between 
ihe strainer and the head of the condenser, and should be arranged as 
shown in Fig. 343. There should be a clear discharge of not less than 2 

ft. below the bottom flange of 
the apparatus to the level of the 
water In the discharge pump, or 
hotwell. It is advisable that 
the end of the discharge pipe be 
sealed under water, unless there 
is a horizontal discharge main 
and a trap to the water-seal at 
the bend immediately under the 
condenser. Except with a con- 
denser of very large size, a dif- 
ference of level of 20 ft. between 
supply and discharge will usually 
give the necessary pressure of 
water at the condenser with full 
allowance for friction losses. 
Any type of circulating pump 
may be used for supplying the 
injection water. These condensers are made in all sizes, conforming with 
exhaust-pipe diameters of 1 1/2 to 24 in. The same amount of cooling 
water is required as for jet condensing, and vacua of 26 to 27 in. have 
been obtained under 
favorable conditions. 

The multi-jet con- 
denser has been 
especially designed 
for condensing larger 
quantities of steam 
than the '' Educ- 
tor Condenser and 
maintaining a vacuum 
without the use of 
an air pump. The 
ratio of injection water per lb. of steam condensed is, for equal vacuum, 
considerably less than that required for the Eductor Condenser. This is 
due to the fact that in the multi-jet condenser the injection water is 
divided into a number of jets, the result of which is to bring the injection 



Condenser. 


lUiMBrt to OoadeBiw 





Fig. 344. 


Section through Condensing Chambers of 
Koerting Multi-jet Condenser. 
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water into more intimate contact with the steam. The steam flows into 
the main chamber through either side or top inlet, as desired. 

The Koerting Multi-jet condenser, shown in Fig. 344, operates on the 
same principle as the Eductor Condenser, but has, instead of one central 
condensing jet, a number of converging jets, meeting and forming a single 
jet in the lower part of the combining tube. This tube is cast in one piece 
and consists of a series of concentric nozzles of gradually diminishing 
bore. The steam flows through the annular passages between the nozzles, 
which guide it so that it impinges at a suitable angle on the condensing 
jets. To insure satisfactory working under all conditions of load variation 
on turbines or engines to which these multi -jet condensers are attached, 
it is only necessary to supply the water to the condenser at a pressure, at 
the level of the water-inlet flanges, equal to a 21-ft. water column, or, say, 
9 lb. per sq. in. 

Modern multi-jet condensers are suitable for all sizes of prime movers 
up to 10,000-kw. capacity and in commercial operation are maintaining 
vacua of 28 to 29 in. referred to a 30-in. barometer with cooling water at 
70 deg. fahr. This type of condenser requires more water than well 
designed low-level jet condensers, but the absence of vacuum pumps may 
offset this disadvantage. 


TABLE 66 

PERFORMANCE OP KOERTING LOW-LEVEL MULTI-JET CONDENSER* 



1 

2 

3 

4 

Barometer, in. of mercury 

29.22 

29.32 

29.41 

29.37 

Vacuum, in. of mercury 

28.00 

27.94 

27.85 

27.50 

Absolute pressure, in. of mercury 

1.22 

1.38 

1.66 

1.87 

Temperature injection water, deg. fahr 

77 

78 

79 

76 

Temperature of hotwell, deg. fahr 

80 

84 

87 

88 

Temperature difference, deg. fahr 

Vapor-tension corresponding to hotwell 

3 

6 

8 

12 

temperature, in. of mercury 

1.032 

1.174 

1.292 

1.334 

Water pressure, lb. per sq. in 


8.0 

8.5 

12 

Steam condensed, lb. per hr 

’ 10,960 

20,000 

26,800 

41,800 

Injection water, gal. per min 

7,600 

7,000 

7,000 

7,300 

Lb. injection water per lb. of steam 

350 

175 

131 

87.5 


• Report of Prime Movers, N.E.L.A., 13-22, 1922, p. 23. 


ZZO. Barometric Condensers. — In the barometric type of jet con- 
denser, the water and steam distribution system is substantially the same 
as in the low-level type, but the circulating water and condensate are 
removed from the condensing chamber by a barometric column or tail 
pipe of sufficient length to overcome the pressure of the atmosphere. 
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This necessitates locating the condensing chamber approximately 40 ft. 
above the end of the tail pipe. Water is lifted to the condenser chamber 
by any suitable type of pump, and, while the vacuum will raise the water 

to a considerable height, it is customary to allow 
only 18 ft. as the practical limit. The air-vapor 
mixture may be removed by any type of dry-air 
pump or ejector, or combination ejector and air 
pump. Figure 345 shows a section through an 
Ingersoll-Rand barometric condenser of the 
counter-flow type. The steam enters near the 
bottom of the condensing chamber, and the 
water at the top. The air-vapor entrainment 
is withdrawn at the top after it has been cooled 
to practically the temperature of the inlet 
water. Moisture carried over with the air is 
separated as indicated, and discharged into the 
hotwell by a small auxiliary tail pipe. This 
style of condenser is very simple in construc- 
tion, having no moving parts to get out of order 
or constructed ori- 
fices to become 
clogged. There is 
no need for vacuum, 
breaking devices 
and the steam can 
be blown directly 
through the column 
if necessary. One 
of the chief objec- 
tions to this type 
of jet condenser is 
its extreme height. 

The barometric heater-condenser, which 
differs in no way from the standard baromet- 
ric-condenser design, has been used in power 
stations where the heat balance calls for this 
method of feedwater heating. The heater- 
condenser replaces the customary atmos- 
pheric heater and condenses the steam from 
the auxiliary steam drives and house turbine, utilizing the condensate 
from the main surface condenser as cooling water. See paragraph 265. 

Figure 347 shows a section through the condensing head of a parallel- 



Fiq. 346. Section through 
Condenser Head of a Wheeler 
Barometric Condenser. 
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Fig. 345. Ingersoll-Rand 
Barometric Condenser. 
(Counter Current.) 
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flow barometric condenser with orifices and chamber arranged so that 
the kinetic action of the steam and circulating water will assist in dis- 
charging the condensate and air-vapor entrainment into the hotwell. No 
air pump is necessary for moderate vacua, since the velocity of the circu- 
lating water is sufficient to withdraw a limited quantity of air. For high 
vacua or where considerable air must be handled, a dry-air pump or 
ejector is necessary. Where the natural head of the circulating water is 
sufficient to overcome the difference between the 
total height of lift and head corresponding to vac- 
uum, no circulating pump is necessary. Siphon 
condensers are capable of producing a high degree 
of vacuum when the amount of air-vapor entrain- 
ment is small, but as a general rule they are not 
recommended for vacua higher than 26 in. They 
are also limited to comparatively small sizes. 

221. Condensing Water: Jet Condensers. — In 
a jet condenser the cooling water and exhaust steam 
mingle, and the degree of vacuum is a function of 
the final or discharge temperature and the amount 
of non-condensable gases entrained with the steam 
and circulating water. The quantity Of cooling 
water required depends upon its initial tempera- rWiiuipe 

ture, the temperature of the discharge water, and Siphon Con- 

the total heat of the steam entering the condenser. ’ denser. 

If the steam in the low-pressure cylinder at ex- 
haust is dry and saturated, and there is no air entrainment, the heat 
entering the condenser will correspond to the total heat of saturated 
steam at condenser pressure. This condition is not likely to occur in 
practice, since exhaust steam usually carries considerable moisture and 
there will be more or less air entrained with it. Furthermore, the cooling 
water contains air in varying amounts, so that the total amount of air 
entering the condenser may be considerable. Neglecting radiation and 
leakage, the heat absorbed by the cooling medium must be equal to that 
given up by the steam and its air entrainment. The heat exhange may 
be expressed 

= (ffn. - (?2) - - Qo) (203) 

in which 



R = weight of injection water necessary to condense and cool 1 lb. of 
air-vapor mixture. 

Hm = heat content of the air-vapor mixture at condenser pressure, B.t.u. 
per lb. above 32 deg. fahr., 
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* * heat of liquid of the discharge water, B.t.u. per lb., 

Qo = heat of liquid of the injection water, B.t.u. per lb. 

In practice it is sufficiently accurate to neglect the influence of the air 
on the heat content of the exhaust steam and circulating water, and the 
mean specific heat of water under condenser conditions may be taken as 
unity, so that equation (203) may be written, 

= (ff - ^2 + 32) (fe - to) (204) 

in which 

H = heat content of the exhaust, B.t.u. per lb. above 32 deg. fahr., 
fe = temperature of the mixed condensate and discharge water, deg. 
fahr., 

to = temperature of the injection water, deg. fahr. 

It has been shown (equation 146) that 
H -- Hi - Hr- A 
in which 

Hi = initial heat content of the steam entering the prime mover, B.t.u. 
per lb. above 32 deg. fahr., 

Hf == heat lost by radiation from the prime mover and exhaust piping, 
B.t.u. per lb. of steam admitted. 

A = extraction for power, B.t.u. per lb. of steam admitted. 

In a well-lagged piston engine with a short connection to the condenser, 
the loss to the surroundings, commonly called radiation,” varies from 
0.3 to 2.0 per cent, but seldom exceeds 1 per cent of the total heat admitted, 
and in a turbine this loss is even less, and 0.2 per cent is a very liberal 
allowance. In view of the uncertainty of the numerical values of many 
of the factors entering into condenser calculations, it is sufficiently accurate 
for most purposes to ignore this small loss. 

The temperature of the discharge water will approximate that of the 
vapor at its partial pressure. For air-free steam this will correspond to 
that of vapor at total condenser pressure. In high-vacuum jet condensers 
in which the air pressure is kept very low, the depression of the hotwell 
temperature will range from 6 to 10 degrees below that of vapor at con- 
denser pressure, and in the ordinary low-vacuum condenser it may range 
from 15 to 25 degrees below. The shaded area in Fig. 348 shows the 
average range for a number of large installations. See also Fig. 474 for 
the estimated quantity of air to be removed from jet condensers. 

Example 52. — Determine the amoimt of cooling water necessary per 
lb. of steam for a standard low-yacuum jet condenser operating imder the 
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following conditions: Engine uses 16 lb. steam per i.hp-hr. initial pres- 
sure 140 lb. per sq. in. abs., superheat 50 deg. fahr., vacuum 4 in. Hg. abs., 
temperature of injection water 70 deg. fahr. 

Solution. — From steam tables, Hi = 1221; assmne , = 1 per cent 
of Hiy then 

H = 1221 ~ 0.01 (1221) - 2547/16 - 1050. 

The temperature of vapor corresponding to an absolute pressure of 
4 in. = 126 deg. fahr.^ Assume 
fe = - 15 = 111. 

Substituting these values in equa- 
tion (204) 

R = (1050 - 111 + 32) - 5 - 

(111 - 70) = 23.71b. I 

Neglecting the 1 per cent radia- ^ 
tion loss, R = 24.2 lb. This small S 
difference between the two cal- | 
culated values of R shows the ^ 
absurdity of including radiation | 
loss for the assumed operating con- 
ditions. | 

Example 63. — Determine the | 
amount of cooling water necessary | 
per lb. of steam for a high-vacuum 
jet condenser operating under the 
following conditions: Turbine uses 
13 lb. steam per kw-hr., initial 
pressure 165 lb. per sq. in. abs., 
superheat 120 deg. fahr,, vacuum 2 
in. Hg. abs., temperature of injec- 
tion water 70 deg. fahr. Fig. 348. Operating Results with Large 

Condensers. 

Solution. — From steam tables, 

Hi = 1262; ts = 92; assume ei = 0.95; Hr is so small that it may 
well be neglected considering the many assumptions which must be made. 
Substituting these values in equation (146), noting that Tfi = 13, we 
have 

H = 1262 - 3415 4. (13 X 0.95) = 986. 

Assume fe = ~ 5 = 92 — 5 = 87. 

1 This is not the actual temperature in the condenser. The actual temperature 
will be that corresponding to the partial pressure of the vapor. For convenience in 
calculation the temperature in the condenser is assumed to correspond to that of the 
total pressure, and die temperature depression of the hotwell is then based on this hypo- 
thetical temperature. When the extent of air leakage and euilramment is known, the 
aotual temperature in the oondenser may be readily calculated. 
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Substitute h = 87, U = 70, and if = 986 in equation (204) and solve, 
thus: 

„ 986 - 87 + 32 _ 

87 - 70 

Zn. Water-cooled Surface Condensers. — With the exception of the 
water-works condenser, in which the weight of steam to be condensed 
is but a fraction of the weight of water passing, and in which the frictional 
resistances are to be kept very low, all water-cooled surface condensers 
are of the water-tube type; that is, the water is forced through the tubes. 
The latter vary in size from 5/8-in. outside diameter to 1 1/4-in. O.D. 
depending upon cleanliness of the circulating water and the design of 
condenser. They are composed of various alloys, usually Muntz metal 
(60 copper —40 zinc) and ordinary brass for reasonably pure fresh water, 
and Admiralty brass (70 copper —29 zinc — 1 tin) for sea water and impure 
river waters. The tubes are generally held in tube sheets, composed of 
Muntz metal or Admiralty brass, by screwed brass ferrules and corset 
lace, fiber, or metallic packing, as shown in Fig. 354. In some designs the 
tubes are expanded into one tube sheet and packed in the other end, while 
in others they are expanded in both tube sheets. In the latter case, pro- 
vision must be made for expansion due to change* in temperature. The 
condensej: shells are constructed in various shapes and are built of cast 
iron or steel. In the single-pass condenser there is but one chamber or 
water box between the tube sheets and condenser headers, while in the 
two-pass construction, the heads are divided into two compartments so 
that the circulating water will pass through one bank of tubes and return 
through the other. The exhaust from the engine or turbine enters the con- 
denser shell at the top and circulates about the tubes down through the 

condenser. Condensate is withdrawn from 
the bottom of the shell and the air-vapor 
mixture from various points, as will be 
shown later. 

; For high efficiency (1) steam should enter 
1 the condenser with the least practical resist- 
ance *and the pressure drop through the 
jeondenser should be reduced to a minimum; 
/(2) air should be rapidly cleared from the 
heat-transmitting surfaces, collected at 
suitable places, freed from entrained water, and removed at a low 
temperature with least expenditure of mechanical energy; (3) condensate 
shoidd also be rapidly cleared from the heat-transmitting surfaces, freed 
from air and returned to the boilers at the maximum practical tempera^ 



Fig. 349* Theoretically Correct 
Condenser Shape. 
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ture; (4) circulating water should pass through the condenser with the 
least friction but at a velocity consistent with high efficiency. Figure 349 
shows a theoretically correct condenser shape which embodies the prin- 


Exhaust Inlet 



Wet Air Pump Steam Cylinder Circulating Pump 


Pig. 350. Wheeler-Admiralty Surface Condenser Equipment (Piston-type 
Auxiliary Pumps). 


ciples previously enumerated. It will be noted that the tube surface ex- 
posed to the action of the steam is a maximum at the exhaust inlet and 
decreases as the volume of 
steam diminishes, due to con- 
densation. The air-vapor mix- 
ture flows directly to the dis- 
charge point at high velocity 
with minimum pressure drop, 
and the condensate gravitates 
from each row of tubes di- 
rectly to the hotwell without 
blanketing the succeeding 
rows. Some of the means 
adopted in practice for simu- 
lating the action of the per- 
fect condenser are best illus- 



Fia. 361. Wheeler Admiralty Condenser Equip- 
ment (Centrifugal-type Auxiliary Pumps). 


trated by a few descriptive examples. 

Figure 350 shows a section of a Wheeler Admiralty surface-condens^ 


520 


STEAM POWER PLANT ENGINEERINQ 


equipment illustrating a well-known design which is intended for small 
engines or turbines and where vacua higher than 26 in. are not desired. 
The condenser is of the two-pass type and is mounted over a combined 
circulating and wet-air pump of the piston type. Since compactness and 
simplicity are of prime importance in this design and efficiency of little 
moment, no attempt is made to follow the principles of the theoretically 
correct '' shape. By installing independent circulating and hotwell pumps 
and by providing a suitable air ejector as shown in Fig. 351, the vacuum 
may be considerably improved. 

Figure 352 shows the tube arrangement of the Alberger Spiroflo surface 
condenser showing a practical application of the basic principles illustrated 
in Fig. 349. The shell condenser heads and water boxes are of cast iron 
and the tube sheets are of brass. The tubes are expanded into one tube 

sheet, and in the other they 
are packed with a special fiber 
packing held in place by 
means of screw ferrule without 
lugs, thus providing for expan- 
sion or contraction. The con- 
denser heads are divided into 
two compartments so that the 
circulating water will pass 
through one bank of tubes 
and return through the other. 
Steam enters through a deep, 
rectangular, steam-distribu- 
ting dome, extending nearly 
the full length of the con- 
denser shell. The sides of this distributing dome slope outward and 
become tangent to the main shell, leaving an arc of nearly 180 degrees of 
the tube surface exposed to the entering steam. The air-division plates, 
when taken in connection with the steam lanes and the grouping of the 
tubes, reduce the area of the path of steam in proportion to the volume 
flowing. The air-vapor mixture is drawn across a bank of tubes and re- 
duced to practically the temperature of the inlet circulating water before 
being exhausted by the air pump. The circulating water flows counter- 
currently to the steam. 

Figure 353 shows the tube arrangement for a 50,000 sq. ft. Westinghouse 
surface condenser which is of the radial flow type and fulfills the require- 
ments of the correct principles outlined in Fig. 349. The exhaust steam, 
upon entering the condenser body under its condition of maximum specific 
volume, finds admission to the condensing surface at all points around the 
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Pig. 362. Tube Layout — Alberger “Spiroflo’^ 
Condenser. 
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circuinference of the bank of tubes. The direction of flow of the gases is 
radially toward the center of the tube bank, at which point a connection 
is made with the air-removal apparatus. The condensate at the bottom of 
the condenser body is in contact with the exhaust steam. It is thus 
evident that the path of the steam flow is convergent and that the con- 
densate is removed 

at high temperature, ] op#nm^ s’fe" \)»j\e?o" 

thereby meeting the 
conditions indicated 
by Fig. 349. 

In the C. H, 

Wheeler Duplex con- 
denser, Fig. 355, there 
is a clear passage for 
the steam from top to 
bottom, in addition to 
auxiliary side lanes, 
thereby insuring hot 
condensate and mini- 
mum pressure drop. 

The water passes are 
curves as indicated, 
so that the , air-vapor 
mixture is sufficiently 
cooled before entering 
the air-pump suction. 

This design gives, in 
effect, two hemispheri- 
cal condensers with air 
suctions on each side, 
reduces the pneumatic 
resistance to a mini- 
mum, and also insures 
a uniform distribution 
of work in both upper 

and lower passes. With the high dome and central lane, the maximum 
surface is exposed to the incoming steam. The tubes in the upper pass 
are wider than those in the lower, permitting easy flow with minimum 
resistance to the lower pass. 

In the Ingersoll-Rand condenser. Fig. 356, the tubes are arranged in 
stages, each stage consisting of a few rows on the same spacing. At the 
top the spacing is very wide both between the tubes and between rows. 



Fig. 353. Tube Sheet — 50,000 sq. ft. Westinghouse 
Surface Condenser. 
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The tubes in successive stages are arranged on 

centers as indicated. 



Fig. 354. Condenser 
Tube Packing. 


in efficiency, and the 
supply should be reduced in 
these independently of section 

Where water is plentiful and' 
pumping heads are low the 
single-pass condenser is fa- 
vored, but with limited water 
supply, long tunnels and high 
pumping costs the two-pass 
type is usually the better in- 
vestment. With single-pass 
condensers surfaces consider- 
ably below 1 sq. ft. per kw. are 
not uncommon whereas 1.2 to 
1.6 sq. ft. are the usual require- 
ments for the two-pass design. 
There is a decided tendency to- 
ward the use of the single-pass 
type, vertical and horizontal, in 
the newer large central stations. 
Notable installations are to be 


smaller and smaller 
The shell is heart- 
shaped and terminates in a narrow inlet. 
The circulating water is forced through the 
two upper groups in which the water makes 
a single pass to the discharge. Part of the 
circulating water is shunted to the coolers, 
flowing through these in parallel, and dis- 
charges into the bottom pass of the con- 
denser. It then flows to the discharge where 
it joins the main body of water. Where two 
circulating pumps are used, the split boxes, 
as shown in Fig. 356, give control of water 
circulation at different velocities in different 
sections. Section “ A ” always works at high 
efficiency, even with very cold water and part 
loads. The lower sections, however, fall off 
water 


J fixhaoAfc Opening ] jl | 

r i kiN 



tO^dia Condensate. 
Outlet 


Fig. 356. Tube Sheet — C. H. Wheeler 
‘‘Duplex*^ Condenser. 


found in the Trenton Channel, Avon, Broad River, Long Beach and 
Susquehanna stations. 

Brference: Power Plant Engrg., Jan. 1, 1927, p. 49; June 15, 1926, p. 720. 
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Surface Condenser Design: Mech. Engrg., May, 1927, p. 417; March, 1927, p. 227; 
Power Plant Engrg., May 15, 1924, p. 530. 

Condensing Equipment: Report of Prime Movers Committee, N.E.L.A., No. 267-12, 
Jan., 1927. 



Fig. 356. Tube Sheet — IngersoU-Rand Condenser. Single Pass. 

223. Cooling Water: Surface Condensers. — Since the heat absorbed 
by the cooling water must equal that given up by the exhaust, neglecting 
radiation and leakage, the amount of cooling water may be determined 
as follows: 

R=(Hn,-qO^(q2-qo) (205)^ 

in which 

5 i, 52 ) and qo = heat of liquid of the condensate, discharge and inlet 
water, respectively, B.t.u. per lb. above 32 deg. fahr. 

Other notations as in equation (203). 

Neglecting the heat content of the air entrainment and assuming a 
constant mean specific heat of unity for water, equation (205) may be 
written 

/? = (ff - + 32) ^ (<2 - Q (206) 

in which 

h = temperature of the condensate, deg. fahr. 

Other notations as in equation (204). 

In the ordinary low-vacuum surface condenser, the depression of the 
hotwell temperature, fi, below that corresponding to the total pressure in 
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the condenser, may range from 10 to 25 deg. fahr. depending upon the 
amount of air entrainment and the pressure drop through the condenser. 
An average figure is 15 deg. fahr. The temperature of the discharge 
water may also range from 15 to 30 deg. fahr. below that corresponding 
to the total pressure in the condenser. An average figure is 20. 

For high-vacuum work the proper amount of circulating water is con- 
servatively reached when 15 deg. fahr. is added to the temperature of the 
condensing water. This gives the proper velocity, at not excessive power, 
for good tube efficiency. Some conditions might warrant reducing this 
to 10 deg., which would require 50 per cent more water at approximately 
240 per cent additional ptunping power. 

The following empirical rule for determining the terminal difference be- 
tween the temperature of the steam corresponding to the vacuum in the 
condenser and that of the circulating water discharge gives results agree- 
ing substantially with average surface-condenser practice 

td=^ t- to (206a) 

in which 

td = terminal difference, deg. fahr, 

t = temperature corresponding to saturated vapor pressure {po + 5), 
to = initial temperature of the circulating water, deg. fahr., 

Po = pressure of saturated vapor corresponding to temperature to, in. 
of mercury, 

B = coefficient, as follows: 


VALUE OF COEFFICIENT B 


Vacuum, In. 

B 

Vacuum, In. 

B 

Vacuum, In. 

B 

1.00 

0.20 

1.75 

0.35 

3.00 

0.50 

1.25 

0.25 

2.00 

0.40 

3.50 

0.60 

1.50 

0.30 

2.50 

0.45 

4 00 

0.70 


Thus for to = 70 and a 2-in. vacuum: po = 0.739, B = 0.40, t cor- 
responding to 0.739 + 0.40 (= 1.139) = 83.0 deg. fahr., whence td = 83 
— 70 == 13 deg. fahr. 

Example 64. — (Low-vacuum condenser.) Required the weight of 
cooling water necessary to cool and condense 1 lb. of steam under the 
following conditions: En^ne uses 16 lb. steam per indicated hp-hr., initial 
pressure 140 lb. per sq. in. abs., quality 0.99, initial temperature of the 
cooling water 70 deg. fahr., vacuum 4 in. Hg. abs. 

Solution. — From the Mollier diagram or by calculation from steam 
tables, Hi ^ 1184 (approx.), tj. == 126, neglecting radiation loss Hf - 0. 
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From equation (146) 

2? = 1184 ~ 2547/16 = 1025. 

Assume 

<1 = - 15 = 111, k = ts -* 20 = 106 

R = (1025 - 111 + 32) -T- (106 - 70) = 26.3 lb. 

With the modem high-vacuum surface condenser in connection with 
a practically air-tight system, the temperature of the condensate will be 
from 0 to 5 degrees lower than that corresponding to saturated vapor at 
condenser pressure, and the temperature of the discharge water will range 
from 8 to 15 degrees below that corresponding to the vacuum. The pres- 
sure drop through the condenser from exlif ast inlet to air-pump suction 
varies with the type and size of condenser and the rate of driving, and 
ranges from 0.02 to 0.2 in. with an average at rated load of approximately 
0.1 in. 

Example 66. — (High-vacuum surface condenser.) Required the weight 
of cooling water necessary to cool and condense 1 lb. of steam under the 
following conditions; Turbine uses 12 lb. steam per kw-hr., initial pressure 
200 lb. per sq. in. abs., superheat 150 deg. fahr., initial temperature of 
cooling water 70 deg. fahr., vacuum 1.5 in. Hg. abs. 

Solution. — From steam tables. Hi = 1283. Assume e = 0.95 and 
neglect Hf. 

Substituting these values in equation (140) 

H = 1283 - 3415 (12 X 0.95) = 983. 

The corresponding temperature of vapor at 1.5 in. abs., ts = 91.7 deg. 
fahr. 

Assume ti = ts — 3 = 88.7. From equation (206a), ts — t 2 = 10.1. 

Therefore fe = 91.7 — 10.1 = 81.6 

Whence R = ^^^76^^70 ^ 

2*4. Heat Transmission tbrough Condenser Tubes. — Numerous in- 
vestigations have been conducted on special laboratory apparatus and on 
condensers in actual service for determining the heat transmission through 
condenser tubes, but the laws based on these results have been far from 
harmonious. In steam engine practice where the vacua are comparatively 
low, extreme refinement in design is unnecessary and simple empirical 
formulas for estimating the extent of cooling surface are sufficiently 
accurate. In modern high-vacuum practice, however, particularly for 
large turbo-generators where a fraction of an inch of change in vacuum 
greatly affects the economy of the prime mover, and where thousands of 
square feet of cooling surface are involved in a single unit, the older empiri- 
cs rules are apt to lead to serious error. Despite the tremendous advance 
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in condenser design during the past few years, the art is still largely a 
matter of experience and the best rules are subject to arbitrary assump- 
tions. 

In any type of surface condenser, neglecting radiation and leakage, the 
heat absorbed by the cooling water, SUd^ must be equal to that given 
up by the exhaust, (Hm — qi), or 

SUd = - ffi) (207) 

in which 

S = extent of cooling surface, sq. ft., 

U = experimentally determined mean coefficient of heat transmission, 
B.t.u. per hr., per deg. fahr. difference in temperature, d, per 
sq. ft., 

d = mean temperature difference between the steam and the circu- 
lating water, deg. fahr., 

Wn = weight of condensate plus the air entrainment, lb. per hr., 

Hm = heat content of the exhaust steam, moisture and air entrainment, 
B.t.u. per lb. above 32 deg. fahr., 

qi = heat of liquid of the condensate. 

From equation (207) S - Wm (Hm — qd Ud (208) 

In view of the liberal factor allowed in estimating the value of C7, and 
because of the uncertainty of the true value of d the influence of the heat 
content of the air entrainment becomes negligible and the equation may 
be written: 

S = w(H -ti + 32) -J- Ud (209) 

in which 

w = weight of condensate, lb. per hr., 

H = heat content of the exhaust steam, B.t.u. above 32 deg. fahr., 

ti = temperature of the condensate, deg. fahr. 

The coefficient C/, as used in equations 207-210, refers to the mean or 
average value for the entire surface and not the actual value, since the 
latter varies widely for different parts of the condenser. The actual value 
varies from more than 1000 for air-free vapor in the first few rows of tubes 
(where the steam comes directly into contact with the cooling surface), 
to less than 50 in the bottom row (where the tubes may be practically 
blanketed with the condensed steam), and to 3 or less for tubes surroxmded 
only by air. Tests by various investigators show that the actual value 
I of U for a given temperature difference varies with 

(а) material, thickness, size, shape, and cleanliness of the tubes; 

(б) velocity of water through the tubes; 
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(c) percentage of air on the steam side of the tubes; 

(d) critical velocity of the water in the tubes; 

(e) extent of water blanketing on the steam side of the tubes; 

(/) viscosity of the circulating water. 

Taking the material coefficient, m, of plain copper tubes as 1.00, under 
similar conditions the heat transfer for other materials is approximately 
as follows: Admiralty brass, 0.98, Muntz metal 0.95, tin 0.79, Admiralty 
lead line 0.79, Monel metal 0.74, and Shelby steel 0.63. Corrosion, oxida- 
tion and pitting have a marked effect in reducing the heat transference 
and may lower the conductivity as much as 50 per cent. (See Fig. 357.) 



Fig. 357. 

The cleanliness coefficient, c, is about 0.9 for such waters as those of New 
York or Chicago. The coefficient of heat transfer appears to decrease 
with the increase in diameter, but because of the meager data available the 
influencing factor is usually included in the assumed numerical value of 
the coefficient. 

Auxiliary Supercooling in Surface Condensers: Power, May 25, 1926, p. 804; N.E.L.A. 
Report, No. 267-12, 1927. 

The influence of the velocity of the water through the tubes on the 
coefficient of heat transfer is illustrated in Fig. 358 and Fig. 362. Accord- 
ing to Orrok, the value of ?7, other conditions remaining constant, varies 
approximately as the square root or six-tenths power of the velocity. For 
the ordinary low-vacuum condenser the velocity through 1-in. standard 
tubes seldom exceeds 3 ft. per sec., whereas velocities as high as 8 ft. per 
sec. are not uncommon in the high-vacuum type. An average value for 
the latter is 6 ft. per sec. Except for a very low rate of flow (below that 
in average condenser practice), critical velocities need not be considered. 
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The effect of wr on the heat transference is very marked, as is shown in 
Figs. 360-62. The depression of the hotwell temperature below that cor- 



Fio. 358. Variation of Heat Transmission 
with Water Velocity. 


responding to the vacuum may- 
be reduced by good design. 
Certain designs of dry-tube 
condensers may give hotwell 
temperatures somewhat higher 
than the average tempera- 
ture in the condenser, and 
tests have been reported on 
several other designs in which 
the depression was zero. 
Orrok’s investigations show 
that air entrainment reduces 
the heat transference approxi- 
mately according to the law 
Pc)S ill which Pp = 
pressure of the vapor and 
Pc the total pressure in the 
condenser. 

The value of {pj, •¥ pcY va- 
ries within wide limits, but 
for tight condensers with effi- 


cient air pumps it may be taken as 0.95. 


Heal Transmission from Condensing Steam to Water in Surface Condensers: Trans. 
A.S.M.E., Vol. 48, 1926, p. 1233. 

Steam Condenser Practice and Performance: Mech. Engrg., March, 1927, p. 227. 
Operating Performance of Some Modern Surface Condensers: Mech. Engrg., Mar., 
1927, p. 217. 


The reduction in heat transmission due to the thickness of water film on 
both sides of the tubes has been expressed mathematically, but it is cus- 
tomary in condenser design to include this factor in the assumed value of 
V} 

The coefficient of heat transmission increases with the mean tempera- 
ture of the circulating water; that is, the warmer the water and the 
lower the vacuum, the smaller will be the mean temperature head required 
to transmit a practically constant amount of heat through the surface. 

According to Orrok, 

U ^ kepmv^-^/d} (210) 

^ Trans. A.S.M.E., Vol. 35, 1015, p. 67; Indus, and Engrg. Chsm. May 1024, p. 48a 
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Fig. 360. Heat Transmission — Steam Fig. 361. Heat Transmission — Steam 

to Air. to Air. 
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mean coefficient as previously defined and as used in connection 
with equations (208) and (209), 

experimentally determined coefficient = 350 for average working 
conditions, 

cleanliness coefficient, 
air richness ratio = (p» 
material coefficient, 
velocity through the tube, ft. per sec., 
logarithmic mean temperature difference. 
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nepreeslon of Hotwell Water Temperature below Vacuum Tonpecainret 
Deg. Fahr. 

Fig. 362. 

The following empirical rule, based on average good circulating water 
and clean condenser tubes, gives values of U which agree substantially 
with current practice in condenser design 

C/ = 43.6 = K^/v (211) 


VALinS OF K FOR VARIOUS INTTIAI. TEMPERATURES OF CIRCULATINO WATER 


Initial Temp., 


Initial Temp., 


Initial Temp., 

K 

Deg. Fahr. 


Deg. Fahr. 


Deg. Fahr. 

40 

145 

60 

170 

80 

187 

45 

155 

65 

\ 174 

90 

196 

50 

160 

70 

180 

100 

202 


Mean Temperature Difference. — It is definitely known that the quantity 
of beat passing through the cooling surface is proportional to some power 
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of the temperature difference at any instant; but the instantaneous tem- 
perature difference is indeterminate, consequently it is necessary to 
establish an average or mean temperature difference for the whole period 
of thermal contact of the steam and circulating water. 

If ts = temperature of the steam or hot substance, 

t = any momentary temperature of the circulating water, 
to = initial temperature of the circulating water, 
fe = final temperature of the circulating water, 
d = mean temperature difference, 

Q = weight of circulating water, lb. per hr., 

S = extent of cooling surface, sq. ft.. 

U 1 = instantaneous value of the coefficient of heat transfer, 

U = mean coefficient of heat transfer for the entire period of heat 
exchange. 

All temperatures deg. fahr. 

Then the heat transmitted per hour through the elementary surface 
dS is Ui (tf — t). 

Since the temperature rise for this period is dtj the heat absorbed by 
the circulating water per hour is Qdt (theoretically this should be cQdt in 



Fig. 363. Curves Showing Effect of Air Leakage on Condenser Efficiency. 

which c is the mean specific heat of the water, but for all practical pur- 
poses the value of c may be taken as unity). 

These two quantities must be equal, or 

Ui {ts - 0 dS = Q(B, (212) 


from which 


dS-Qdt-i- Ui {ts— 0 * 


(213) 
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If the temperature of the steam is assumed to be constant, t, is independ- 
ent of t, and if the heat transmitted per hour is assumed to be directly 
proportional^to temperature difference, U is likewise independent of t 
and t7i =» tf; therefore the relation between rise in temperature of the 


circulating water and the surface traversed becomes 

= Q/U X log, [its - Q -i- it, - u)] (215) 

For the whole period of transfer, 

SUd ^Qih- to) (216) 

d = Q ik - to) -i- US (217) 

Combining equations (215) and (217) and reducing, 

d= iU- to) ^ log. [(<, - to) -5- (ts - < 2 )]. (218) 


This is known as the logarithmic mean temperature difference and is 
the one most commonly used in condenser design. The relation between 

temperature of the 
steam and that of the 
circulating water for 
this condition is shown 
by the solid line in 
Fig. 364. 

If the rise in tem- 
perature of the circu- 
lating water follows the 
dotted line cd, the 
mean temperatme dif- 
ference may be ex- 
pressed 

d = t,- iti + to) -5- 2 (219) 
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Lengtliof Water Fase Tbroogh Condenser 

Fio. 364. Rise of Circulating-water Temperature in 
Condenser Tubes. 


This is known as the arithmetic mean temperature difference and is 
used only for rough calculation or where other influencing factors can 
only be approximated. In general, when the temperature rise is approxi- 
mately 20 deg. and where the difference between the discharge water 
temperature and steam temperature exceeds 15 deg. fahr., the arithmetic 
and logarithmic methods give substantially the same results, but where 
the difference is less than 15 deg. this is not true. 

If the quantity of heat transmitted per hour is proportional to the nth 
power of the instantaneous temperature difference, as appears to be the 
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case in actual practice, and U is assumed to be constant 

Qdt= U (t, - 0“ dS 
Integrating and reducing 


S = (t, - <*)'-»] j-i 


By assumption 


Therefore 




SUd^ = Q (<2 - Q 
(1 - n) (<2 - to) 1^ 
{ts - <<,)*-“ - (<, - 


( 220 ) 

( 221 ) 

( 222 ) 

(223) 


This is known as the expotiential mean temperature difference. Orrok’s* 
experiments lead to a value of n = 0.875. Loeb* assigns a value of n = 
0.9. Because of the uncertainty of the value of U, it is sufficiently accu- 
rate for most purposes to take n = unity, which results in the logarithmic 
mean temperature difference. 

According to equation (206) 

ie = (H - <1 -t- 32) -5- (fe - Q 


And from equation (218) 

d = (Jk- to) -i- log, [(<, - to) ^ (<, - < 2 )] 

Substituting these values of R and d in equation (209) and solving, we 
have, as a general rule for heat transmission in surface condensers, 

in which 

w = weight of condensate, lb. per hr., 

R = ratio by weight of circulating water to condensate or the lb. of 
circulating water per lb. of condensate, = Q -f- 
U = mean coefficient of heat transfer, B.t.u. per hr. per sq. ft. per 
logarithmic mean temperature difference, 
is = temperature of the steam, 

<2 = temperature of the discharge water, deg. fahr., 
to = temperature of the intake water, deg. fahr. 

Orrok® gives the following general rule for high-vacuum surface con- 

^ Trans. A.S.M.E., Nov., 1916. 

* Jour. Am. Soc. Naval Engrs., Vol. 27, May, 1916. 

• Trans. A.S.M.E., Vol 38, 1916. 



634 STEAM POWER PLANT ENGINEERING 

densers operating under favorable conditions 

-S = [fe - Qi - (t. - <,)»] (225) 

The number of tubes of given diameter and thickness which will pass 
a given quantity of water per hr. at a predetermined velocity may be 
calculated as follows: 

Let d = outside diameter of the tube, in., v = ft. per sec. 
n = number of tubes in each pass of the condenser, 

I = length of water travel, or total tube length, ft. 

Then, S = irdnll 12, whence I = 3.83S 4- dn. (226) 

By simple arithmetical calculation it may be shown that 

1220v{d - 2ty (227) 

in which t = thickness of the tube, in. 

Example 66. — (Low-vacuum condenser.) Approximate the amount 
of condenser cooling surface for a 1000-hp. compound engine operating 
under the following conditions: Water rate 16 lb. per i.hp-hr., initial 
steam pressure 140 lb. abs., initial quality 0.99, inlet of temperature of 
circulating water 70 deg. fahr., vacuum 4 in. Hg. abs. 

Solution. — From steam tables, ts corresponding to 4 in. of Hg. abs. == 
126 deg. fahr. From equation (146), H = 867.6 X 0.99 + 324.6 — 
2457/16 = 1025 (approx.). 

In the ordinary engine condenser, considerable air will be carried with 
the steam into the condenser, and the hotwell depression may range from 
5 to 20 degrees^ assume the depression to be 10 degrees, then h = tg — 
10 = 126 - 10 - 116 deg. fahr. 

Any value may be assumed for U greater than to and less than ^i. The 
nearer (2 is to to, the greater must be the quantity of circulating water per 
lb. of condensate. On the other hand, the nearer is to to, the less is the 
mean temperature difference d, and hence the greater must be the cooling 
surface for a given weight of condensate. When water is cheap and the 
head pumped against is small, may be given a lower value than when 
water is costly and the discharge head is large. In average engine-con- 
denser practice, fe may range from 5 to 20 degrees below h; assume it to be 
10 degrees, then fe = — 10 = 116 — 10 = 106 deg. fahr. Equation 

(206a) gives fe = 105.5. 

Because of the great latitude in assuming values of and it is suffi- 
ciently accurate to use the arithmetical mean, or 

d = 126 - (70 + 106)/2 = 38.0. 

In engine practice a very liberal factor is allowed in assuming a value 
for U, because of the possible reduction in heat transmission caused by 
the deposit of cylinder oil on the tubes and because of excessive air entrain- 
ment. For the usual engine type of condenser with clean circulating water, 
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a safe value is 17 = 300. According to equation (211), U =* 300 for v — 
2.8 ft. per sec. 

Substituting these values in equation (209) and reducing 

S = 16,000 (1025 - 116 + 32) 4- 300 X 38 = 1320 sq. ft. 

This corresponds to approximately 12.1 lb. of condensate per hr. per sq. 
ft. of tube surface. An average figure coinmonly quoted for engine con- 
densers is 10 lb. of steam per hr. per sq. ft. of tube surface for 24 to 26-in. 
vacuum with 70-degree cooling water. A rough rule is to allow 2 sq. ft. 
of cooling surface per i.hp. 


TABLE 67 


TESTS OP 50,000 SQ. IT. StTHPACE CONDENSERS 


Index 

1 

2 

3 

i 

4 

Baroirieter, mercury at 58.1 deg. fahr 

29 93 

30.07 

30.00 

30.38 

Vacuum, mercury at 58.1 deg. fahr 

28.51 

28.04 

28.61 

29.37 

Absolute pressure, in. of Hg 

1.32 

2.03 

1.39 

i.oi 

Temperatures, deg. fahr. : 

Condensate 

87.0 

91.5 

86.0 

62.0 

Inlet water 

78.2 

75.1 

70.8 

50.0 

Outlet water 

83.0 

86.4 

80 9 

58 0 

Rise in water 

4.8 

11.3 

10.1 

8.0 

Corresponding to vacuum 

91.6 

100 6 

89.4 

65.3 

Between condensate and steam 

4.6 

9.1 

3.4 

3.3 

Mean difference (log) 

10.8 

19.4 

12.9 

9.41 

Condensate, lb. per hr., thousands 

180.7 

373.7 

357 0 

300.0 

Water, gah pfir min., thousands 

72 5 

63.8 

64.7 

71.5 

Lb. water per lb. of steam 

Air leal^age f-u- ft. pp.r min 

200.0 

9 9 

98 5 
6.5 

91.0 

16.9 

119.0 

Coefficient of heat transmission 

322 

372 

490 

598 



1 , 2. Unit #12, Seventy-fourth St. Station, Interborough Rapid Trans., 1916. 

3. Unit #1, Fifty-ninth St. Station, Interborough Rapid Trans., 1920. 

4. Unit #1, Williamsburg Station, Brooklyn Rapid Trans., 1920. 


Example 67. — (High-vacuum condenser.) Calculate the amount of 
tube surface required for a 10,000-kw. turbine operating under the follow- 
• ing conditions: Water rate 12.0 lb. per kw-hr., initial absolute pressure 
2(^ lb. per sq. in., superheat 150 deg. fahr., temperature of circulating 
water 70 deg. fahr., vacuum 1.5 in. Hg. abs., water velocity through tubes 
6 ft. per sec., cooling surface to consist of 1-in. (18 B.W.G.) Admiralty 
tubes. 

Solution. — For maximum theoretical eflficiency <2 = = <,. This 

condition is possible only for air-free vapor, perfect heat transmission, 
and no pressure drop between turbine nozzle and air-pump suction. 
(From steam tables, t, corresponding to an absolute back pressure of 1.5 
in. = 91.7.) Assume h — t, — Z = 91.7 — 3 = 88.7. The temperature 
of the condensate varies from <1 = f, — 0 to <1 = f, — 4 deg. fahr., and 
tt varies from = f, — 4 to — 12 deg. fahr. From equation (206a) 
t,-U = 10 . 1 . 
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From Example 55, the conditions of which are the same as for this 
example, we find R = 79.8; = 81.6. 

The condenser must be designed for the maximum load when the cir- 
culating water is at its highest temperature, and where reasonably good 
water is not obtainable a suitable factor should be allowed for dirty, 
oxidized tubes and the presence of undue amounts of air. For this reason 
a much lower value of U is ordinarily assumed than is possible with 
everything in first-class shape. According to equation (211), U = 440 
for a velocity of 6 ft. per sec. 


TABLE 68 

SURFACE-CONDENSER PROPORTIONS 

Initial pressure 275 Ib. gage and under. 
Initial temperature 600 deg. fahr. and under. 
No bleeding stages. Two Pass Condenser. 


Size of Turbo- 
generator 

Tube Surface 
Sq. Ft. 

Sq. Ft. Tube 
Surface per Kw. 

Size of Turbo- 
generator 

Tube Surface 
Sq. Ft. 

Sq. Ft. Tube 
Suiface per K 

500 

1,500 

3 00-3.50 

10,000 

17,500 

1.75-2 25 

1000 

2,750 

2.75-3.25 

15,000 

25,000 

1.67-2.00 

2000 

5,000 

2.50-3.00 

20,000 

32,000 

1.60 

5000 

10,000 

2.00-2.50 

35,000 

56,000 

1.60 

7500 

13,500 

1,80-2.25 

40,000 

60,000 

1.50 


TABLE 69 

LARGE SURFACE-CONDENSER INSTALLATIONS 
(1921-1927) 


Station 

Size of Turbo- 
generator, 
Kw. 

Initial 

Pressure 

Lb. Gage 

Steam 

Temperature, 
Deg. Fahr. 

Condenser 
Surface, 
Sq. Ft. 

Sq. Ft. Sur- 
face per Kw. 
Rated Capacity 

* Avon 

35,000 

375 

700 


1.20 

Brooklyn Edison 

80,000 

375 

700 


1.00 

Calumet 

37,500 

300 

622 

55,650 

1.73 

Colfax 

60,000 

265 

611 

mmmm 

1.66 

Crawford 

77,000 

550 

700 

70,520 

0.92 

Hell Gate 

40,000 

250 

607 

IJlf 

1.43 

Hudson Ave 

50,000 

265 

611 


1.40 

Kearney 

35,000 

325 

700 

»i|l 

1.43 

Lansing, Mich 

15,000 

275 

609 


1.80 

Marysville 

30,000 

275 

700 


1.02 

Northeast, Kan 

30,000 

280 

650 


1.50 

Seal Beach 

31,250 

350 

700 


1.43 

* State Line 

208,000 

600 

730 

BIr/i liM 

0.80 

Steel Point 

10,000 

200 

500 

16,250 

1.62 

* Trenton Channel . . . 

50,000 

430 

700 


0.95 

Wabash River 

20,000 

300 

650 


2.00 

Waukegan 

50,000 

600 

725 


1.40 

Weymouth 

30,000 

375 

700 


1.50 


Single Pass. 
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Substituting these values in equation (224), 




12 X 10,000 X 79.8 _ , 91.7 - 70 

440 ^ ^^^*91.7 - 81.6 


== 21,800 X 0.7655 = 16,700 sq. ft. (approx.). 

corresponding to 1.7 sq. ft. per kw. of turbine rating. 

See Tables 68 and 69 for modern condeiiser proportions. 

Condensing Equipment' Jleport of Prime Movers Committee, N.E.L.A., Jan., 
1926. 

Testing a Surface Condenser in Action: Power, Sept. 21, 1926, p. 431. 


226 . Dry-air Surface Condensers. — Ordinary atmospheric air may be 
used as a condensing and cooling medium for surface condensers, but the 
volume of air to be circulated and the extent of cooling surface necessary 
to effect the desired results are very high because of the low density and 
specific heat of the air and the poor heat transmission from steam to air. 
The power required to circulate the air is also very high. A few plants 
in Western Australia and in Central Africa were equipped with dry-air 
condensers in the early days when the internal combustion engine was 
undeveloped and long distance transmission lines were unknown, but they 
have long since been al)andoned and no new plant of this type has been 
installed for years. The modern steam automobile is an example of the 
application of atmospheric air for condensing steam, but the quantities 
involved are comparatively small and no other cooling medium is avail- 
able. Some idea of the enormous extent of cooling surface and the tre- 
mendous volumes of aii* necessary to cool even a small quantity of steam 
is evidenced by the performance of the old abandoned air-cooled plant 
in the City of Kalgoorlie, West Australia. The plant, rated at 2000 hp., 
had 45,000 sq. ft. of condenser surface and required 600,000 cu. ft. of air 
per min. at 80 deg. fahr. to condense the steam at rated load. The fans 
circulating the air required 200 hp. or 10 per cent of the station output for 
their operation. The vacuum ranged from 3.6 in. (referred to 30-in. 
barometer) with air at 108 deg. fahr. temperature to 22 in. with air at 43 
deg. fahr. 

The volume of air, under atmospheric conditions, necessary to condense 
steam to any given temperature may be determined as follows: 

Let H = heat content of the steam at condenser pressure, 
ts == temperature of the vapor in the condenser, 
h = temperature of the condensed steam, 

♦ t = temperature of the air entering condenser, 
to = temperature of the air leaving condenser, 

V = volume of air in cu. ft. necessary to condense and cool 1 Ib. of 
steam. 
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B = specific weight of air under atmospheric conditions, 

C = mean specific heat of air imder atmospheric conditions, 
d = mean temperature difference between the air and steam, 

S = cooling surface in sq. ft., 

U — coefficient of heat transmission, B.t.u. per sq. ft. per degree 
difference in temperature per hr. 


Since the heat absorbed by the air must be equal to the heat given up by 
the steam, neglecting radiation, we have 

VBC(t„ -t) = H-ti + 32, (228) 


from which 


H -ti + d2 
BCito-t) • 


(229) 


For practical purposes, C may be taken as the specific heat of dry air, 
the error due to this assumption being negligible even if the air is saturated 
with moisture. 


Example 68. — How many cu. ft. of air are necessary to condense and 
cool 1 lb. of saturated steam under the following conditions: Vacuum 10 
in. Hg. abs., temperature of entering air, leaving air, and condensed steam, 
60, 110, and 140 deg. fahr., respectively? 

Solution. — Here H = 1130 (from steam tables), 

to = no, h = 140, < = 60, C = 0.24, B = 0.075. 

Substituting these values in equation (229), 

^ == 0.075 X 0.24 (110 - ~ 6b) = necessary to con- 

dense 1 lb. of steam under the given conditions. 

The proper area of cooling surface depends upon the value of the coeffi- 
cient of heat transmission, which varies with the velocity and humidity 
of the air and character of the cooling surface. Accurate data are not 
available on this point. 

A few experiments made at the Armour Institute of Technology gave 
values of C/ = 10 to 25 B.t.u. per hr. per sq. ft. per deg. fahr. difference in 
temperature for air velocities of 500 to 4000 ft. per min. for corrugated- 
steel sheeting 1/8 in. thick. Assuming these values of U for the above 
example, S = 1.5 sq. ft. of cooling surface per lb. of steam condensed per 
hr. for air velocity of 4000 ft. per min., and S = 3.7 sq. ft. for a velocity 
of 500 ft. per min. 

Air heaters of the bleeder type are identical in theory with the dry-air 
surface condenser, but the primary object in this case is the heating of the 
air and not the condensation of the steam. With the heating surface made 
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up of small tubes and extended sheet-metal fins, as in the Griscom-Russell 
U-fin Preheater, the coeflBcient of heat transmission is very high and large 
quantities of air may be heated in a comparatively small chamber. 

^6. Saturated-air Surface Condensers. — If, instead of using ordinary 
atmospheric air as a cooling medium, a small amount of water is permitted 
to trickle over the surface of the tubes, so that the air leaving the condenser 
is saturated or nearly so, the volume of air necessary to effect a given cool- 
ing effect is greatly reduced. This reduction in air volume is possible 
because the water is vaporized and absorbs a considerable portion of the 
heat given up by the steam in condensing. While the air itself absorbs 
part of the heat, its primary object in this connection is to carry away 
the vapor. Condensers of this type are not much in evidence, but a few 
installations are to be found in small plants where circulating water is 
scarce and vacua above 20 in. are not necessary. Figure 365 shows 
vertical and horizon- 
tal sections of a 
Fennel saturated-air 
surface condenser, 
illustrating the prin- 
ciples of this class of 
apparatus. The ap- 
paratus consists of an 
upright cylindrical 
shell containing a 
number of vertical Fig. 365. Fennel Saturated-air Surface Condenser. 
4-in. steel tubes 

through which air is drawn by natural draft. A centrifugal pump cir- 
culates about one-half gallon of water per hp. per min. from a cistern 
below the condenser. The water, flowing over the upper tube sheet 
and then descending the tubes by gravity, forms a film over their entire 
interior surface. 

The condensing action is as follows: The current of exhaust steam 
entering the side of the sheet at A is caused by suitable baffle plates to 
circulate among the tubes, and in condensing gives up its latent heat to 
the water film, which wholly or partially evaporates, saturating the ascend- 
ing current of air to its own temperature. The upward current of hot 
vapor-laden air carries off the heat into the atmosphere. The cooling 
water that is not evaporated and lost to the atmosphere falls into the 
cistern, being kept constant by a float governing a valve in the supply 
pipe. The non-condensable gases collect at C, where they are removed 
by the dry-air vacuum pump and discharged into the hotwell. An excel- 
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lent feature of this device is that the film of water on the cooling surface 
is secured without interference with the ascending air currents and also 
without the use of sprays through small orifices likely to become clogged 
with rust or sediment. 

The weight of water evaporated in this type of condenser is approxi- 
mately equal to that of the condensed steam, and the volume of air is 
about 2 per cent of that which would be required if dry air only were 
used. These volumes, of course, vary widely with the temperature and 
relative humidity of the air, and the heat to be abstracted per lb. of steam. 

By forcing air through the tubes mechanically and by injecting a small 
amount of water spray into the entering air, the same effect may be pro- 
duced as with natural draft, and much less cooling surface is required, 
but the work done in moving the air is greatly increased. Considerable 
experimental work has been carried out with this type of apparatus for 
situations where circulating water is costly, as, for example, in isolated 
stations for office buildings and the like; and while high vacua are readily 
obtained, the power requirements of the fan are excessive and the scale 
deposited on the cooling surface by the evaporation of the water necessi- 
tates frequent shutting down of the apparatus for cleaning purposes. 
The air and water requirements are substantially the same as for the 
natural draft apparatus, but it should be remembered that any proportion 
of air and water may be used, ranging from all water to all atmospheric 
air. 

See Example 121 for calculations. 

337. Evaporative Surface Condensers. — While saturated-air surface 
condensers are in reality evaporative condensers, the latter term is usually 
applied to those in which the niedimn to be condensed is on the inside of 
the cooling surface and the condensing water flows over the surface in the 
form of a thin film. This tyi)e of condenser is in common use for con- 
densing ammonia in refrigerating plants but is not much in evidence in 
the modern steam power plant. When used for steam condensing pur- 
poses, the apparatus consists usually of a number of copper, brass, wrought- 
or cast-iron tubes arranged horizontally or vertically and connected to 
manifolds or chambers at each end. The exhaust steam passes through 
the tubes and a thin film of water is allowed to flow over the external 
surfaces. The cooling effect is brought about by the evaporation of part 
of the circulating water, and the general principle of operation is the same 
as that of the saturated-air condenser described above. Evaporation is 
sometimes hastened by constructing a flue over the tubes, thereby creating 
a natural draft, or by means of fans. With horizontal cast-iron tubes 
and natural draft, vacua from 23 to 27 in. are readily maintained with a 
cooling surface of approximately .8 sq. ft. per lb. of steam condensed per 
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hour. With vertical brass tubes and fan draft, 8 lb. of steam per hour 
per sq. ft. of cooling surface is not an unusual figure. The amount of 
cooling water evaporated per lb. of steam varies from .8 to 1 lb., depend- 
ing upon the draft. The power necessary to operate the pumps and fans 
varies from 1 to 10 per cent of the total output of the plant. For an in- 
teresting discussion of evaporative condensers, the reader is referred to the 
admirable article by Oldham in the Proceedings of the Institute of Mechan- 
ical Engineers, 1899, and reproduced as a serial in Engineering (London), 
April 28 to June 30, 1899. The following test of a vertical cast-iron tube 
evaporative surface condenser (Table 70) will give some idea of the per- 
formance of this type of condenser. This condenser consists of two rows 
of 4-in. vertical cast-iron pipes connected at the top by JJ bends and at 
the bottom by cast-iron manifolds. A perforated iron trough distributes 
the water over the center of the bend and causes it to flow in a thin stream 
over .the surface of the tubes. A wet-air pump is used for withdrawing 
the condensed steam and air. No fan is used for hastening evaporation. 

See Chapter XXIV, for evaporative surface-condenser calculations. 

Evaporative Condensers: Engrg., Lend., Mi.v 5, 1889, pp. 43'^ 442, 447; Engrg., 
May 19, 1899, p. 661, June 2, 1899, p. 721, June 30, 1899, p. 861; Trans. A.S.M.E., 
14-696; Power, Nov. 16, 1909; Prac. Engr. IJ. 8., June, 1910, p. 346. 


1ABLE 70 

TEST OF A CASl^IRON, VERTICAIy-TUBE, RVAPORATIVB SURFACE CONDENSER, 

NATURAL DRAtT 


Date 

Sept. 12 

Sept. 13 

Weather 

Wet 

Fine 

Barometer 

2<) 8 

29.5 

Temperature of air . . 

? 

60 

Cooling surface, external . . 

272 

272 

Duration of trial, min 

99 

115 

Weight of steam condensed, lb. 

800 

800 

Boiler pressure, lb. gage. . 

60 

60 

Weight of water in circulation, lb 

1830 

1830 

Weight of fresh water added, lb 

600 

640 

Vacuum in condenser, in Hg. . . 

23.36 

24.1 

Initial temperature of circulating water, deg. fahr. 

117.5 

113.9 

Final temperature of circulating water, deg. fahr. 

128.4 

125 

Temperature of ^ ^makeup’ ^ water, deg. fahr.. . 

58 

58 

Temperature of water in hotwell, deg. fahr 

136.5 

131.8 

Weight of steam condensed, lb. per hr 

485 

427 

Weight of water circulated, lb. per hr 

6786 

? 

Weight of ^^makeup^^ water added, lb. per hr. . . 
Weight of steam condensed per lb. per sq. ft. of 

364 

334 

cooling surface per hr 

Weight of ^ 'makeup’^ water per lb. of steam con- 

1.8 

1.54 

densed, lb 

! 0.75 

0.80 
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f ZtS, Location and Arrangement of Condenser and Auxiliaries. — In 

the modem steam plant one sees two general arrangements of condensers 
and auxiliaries: (1) the independent or subdivided system, in which each 
engine or turbine is provided with its own condenser, air and circulating 
pumps, and (2) the central system, in which the condensers and auxiliaries 
are grouped together. In the latter system one condenser ordinarily 
suffices for all engines. 

Independent System. — This system is used in practically all electric 
power stations of whatever size. The condenser should be piped as 
directly as possible to the engine or turbine exhaust opening, in order to 

avoid excessive pressure drop. If pos- 
sible, the condenser should be placed 
below the prime mover so that all 
condensation may gravitate into it. 
Figure 366 shows the usual arrange- 
ment of condenser and auxiliaries in 
the older designs of piston-engine, 
AtSosphew low-level jet condensing plants where 
Relief Valve high vacua wcfc of secondary consid- 
eration. Here each condenser receives 
its suddIv of cooline water from a 

Fig. 366. Low-level Jet-condenser and injection pipe and discharges into 

Auxiliaries for Moderate Vacua. a main discharge pipe. The exhaust 

steam leading to the condenser is 
by-passed through a suitable atmospheric relief valve to a main free- 
exhaust header, so that the engine may operate non-condensing in case 
the vacuum breaks or the condenser is 
cut out. The wet-air pump is integral ^ 

with the condenser chamber, and the 

entire installation is compact and luO^ 

simple. Occasionally conditions are jAir Rnrr.r ll 

such as to necessitate placing the con- j|[ I lim' fi 
denser above the engine-room floor, as 
in Fig. 367, but such a location should 

be avoided if possible, as it usually re- Relief Valve 

quires a larger number of bends and 357 . Low-level Je^condeneer and 
joints in the exhaust pipe than the Auxiliaries for Moderate Vacua, 
basement arrangement. 

Figure 368 shows the general arrangement of condenser and auxiliaries 
in the new power plant of the Johns-Manville Co. and illustrates a modern 
jet-condenser which has been installed in connection with a 2000-kw. 
turbine, and in which the air pump is of the hydraulic type. The con- 


Auxiliaries for Moderate Vacua. 


Atmospherio 
Relief Volvo 
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denser body is flexibly connected to the turbine by means of a corrugated- 
copper expansion j oint , 

The back-outlet type 
of gate valve, placed 
between the expansion 
joint and condenser 
inlet, provides a means 
of cutting out the con- 
denser and shunting 
the exhaust to the at- 
mosphere should occa- 
sion arise. The tail pipe 
of the hydraulic air 
pump discharges into 
an open sump from 
which the air is lib- 
erated and the sealing Low-level Jet-condenser and Auxiliaries 

water is recirculated. for High Vacua. 

Figure 369 shows the general assembly of a C. H. Whv.eler low-level jet- 

condenser as applied to a 2500-kw. 
turbine and illustrates the applica- 
tion of a steam ejector for air-vapor 
extraction. The centrifugal tail 
pump is the only moving element, 
and the simplicity of the entire 
condenser equipment is apparent 
from the drawing. The steam 
ejector has practically supplanted 
the other types of air pumps in 
the modern condensing plant. Fig- 
ure 370 shows a typical layout of 
a 10,000-kw. jet-condenser with a 
combined turbine and motor driven 
tail pump and served with two jet 
air pumps, each of half capacity at 
29-in. vacuum and therefore of suf- 
ficient capacity to carry full load 
at vacua of 28 in. This arrange- 
ment makes possible a 50 per cent 
saving in steam during the sum- 
mer months with warm circula- 
ting water^ when it is not possible to obtain much more than 28 in, on 



level Jet-condenser and Auxiliaries for 
High Vacua. 
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the main unit and when, with warmer condensate temperature, no steam 
is required for heating the feedwater. 



Figure 371 shows the general arrangement of the condensing equipment 


in the power house of the Bangor Electric 
Co., illustrating an application of a Koerting 
low-level multi-jet condenser to a 750-kw. 

To Atmosphere 760 K.W. 

t _ „ General Electric Companj 


Nb.37 

MtUtMot 

Condenser 


Basket 

Btrainei 


Fig. 371. Low-level Multi-Jet Condenser 
Installation. 

turbo-generator above the turbine-room 
floor. This system operates without circu- 
lating or air pumps and maintains a vacuum 
of 28 in. with 70 deg. fahr. water under full- 




Fiq. 372. Modem Installation 
of Barometric Condenser. 


load conditions. Injection water is supplied from an elevated flume imder 
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a natural head of 10 lb. and discharges under gravity from the hotwell 
to a creek. 

Figure 372 shows a typical installation of a barometric condenser served 
with steam jet air pumps. The water from the inter-cooler (whether of 
jet or surface type) is ordinarily drained directly to the overflow well, 
the tail pipe being submerged, as indicated. 

Figure 350 illustrates the usual layout of small surface condenser and 
auxiliaries where the heat balance justifies the use of direct-acting pumps. 
Figure 351 shows the more common arrangement in which the air pump 



Fig. 373. Longitudinal Elevation of the 50,000 Sq. Ft. Condenser at 
Northwest'* Station. 


is of the single-stage ejector type. In these small installations no provision 
is ordinarily made for expansion between condenser and engine or turbine, 
or between condenser and auxiliaries. With large surface condensers 
such provision is necessary. Figure 373 shows the arrangement of con- 
denser and auxiliaries in the Northwest Station of the Commonwealth 
Edison, illustrating the method of compensating for expansion. The 
finn dATisfir is rigidly bolted to the turbine exhaust and is supported on a 
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number of heavy springs.^ The circulating pump is flexibly connected 
to the condenser through a suitable expansion joint. The air pump is of 
the “ hurling water ’’ type. 

Figures 374 and 375 show modern arrangements of surface condensers 
and auxiliaries in which the air removal is effected by steam jet pumps. 



Fig. 374. Typical Arrangement of 2500-kw. C. H. Wheeler Turbo-generator 
Condenser and Auxiliaries. 

In some designs the expansion joint is of rubber instead of corrugated 
copper as illustrated. With surface condensers, a siphon system of cir- 
culating should be installed where possible, with the highest point in the 
system not over 20-23 ft. above lowest water; and, if the condenser is 
installed directly above the inlet and outlet tunnels, the work of forcing 
the water through the system is limited to practically that of the friction 
through the tubes. With a siphon system, a rise in water level in both 
tunnels will not affect the pumping head and quantity of water delivered. 

In some of the latest central station installations, of which the Crawford 
Ave. Plant is an example, the condensers are of the vertical type, two or 
more for each turbine unit, these condensers standing alongside the low- 
pressure cylinders. 

Central condensing systems are not in evidence in the modern steam 
plant except in connection with steel mills or other industrial plants in 
which it is desired to operate condensing a number of comparatively 

^ Methods of Connecting Condensers to Turbines: Report of Prime Movers Com- 
mittee, N.E.L.A., T6-21, 1921, p. JO. 
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small steam-using appliances or where the exhaust is intermittent. The 
particular advantage of this arrangement is the reduction in the number 
of auxiliary pumps and the prevention of loss of vacuum in case one or 
more steam units are not operating. This system is not used in connection 
with engine or turbo-generators. 



Pig. 375. 60,000 Sq. Ft. Condenser Layout with Three-element Wheeler 
Steam Jet Air Pump. 

ZSB, Choice of Condensers. — The proper selection of condenser and 
auxiliaries for a proposed installation depends upon the conditions under 
which the plant is to be operated. These conditions vary so widely in 
practice that only a few of the more important factors will be considered. 
The principal advantages and disadvantages of the three types of water- 
cooled condensers are as follows: 


Advantages'^ 


DiSAD VANTAGES 


Surface 

Re-use of condensate for boiler feed. 

Re-use of condensate for ice production. 

Readily adapted to the weighing of con- 
densate for tests. 

Slightly better vacuum obtainable. 

Advantage of low pumping head through 
siphon action. 

Less chance of losing vacuum because a 
drop in vacuum does not affect water 
supply. 


Condenser 

Plrst cost high. 

Maintenance high. 

Requires considerable building space to 
remove tubes. 

Acidulated water or water containing for- 
eign matter in large quantities may pre- 
clude the use of surface condensers. 

More head room necessary to obtain suffi- 
cient head on hotwell pump. 
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Barometric 

Condenser proper not costly, but piping to 
it is expensive. 

No possibility of flooding turbine as in the 
case of a low jet condenser. 

Maintenance low. 

The use of acidulated water possible. 

Requires less circulating water than sur- 
face condenser. 

Requires little building space. 

Equipment simple. No hotwell pump 
necess^ and in some forms no vacuum 
pump is required. 


Condenser 

Long exhaust pipe line to condenser which 
entails high initial cost and greater pos- 
sibility of air leaks. 

Loss of vacuum between turbine and con- 
denser, which may amount to i inch or 
even more. 

As condenser cone generally extends above 
roof, it does not lend itself to economic- 
al station design when boiler room and 
turbine room are parallel and contigu- 
ous. 

Waste of condensate. 


Jet Condenser 


Least expensive t^e of condenser. 
Requires less building space. 

Equipment simpler because hotwell pump 
IS not necessary. 

Requires less circulating water than sur- 
face condenser. 

Maintenance low. 

The use of acidulated water possible. 


Failure of removal pump would flood 
turbine. Protection is provided by a 
. vacuum-breaking float valve. 

Waste of condensate. 

High power for water pumping. 

Hijpih power for air pump (about twice that 
for surface condensers). 


Condenser auxiliaries are driven either by steam or electric motors or 
a combination of both. In the small power house which is not part of an 
inter-connected system and where the plant does not operate on a twenty- 
four-hour basis, steam-driven auxiliaries arc, as a general rule, the best 
investment provided all the exhaust can be used for feedwater heating or 
other useful purposes. If there is more exhaust than can be utilized for 
feedwater heating or other purposes, part of the auxiliaries may be opera- 
ted by duplex or combined steam and electric drives. In starting up, the 
steam unit is put into commission until current is available, when the 
governor automatically cuts in the electric drive. The circulating pump 
is usually of the steam-turbine-driven centrifugal type, though, in some 
of the very small plants, the reciprocating type is preferred. Steam jet 
air pumps are used in all but the very smallest plants and have practically 
supplanted the piston or hydraulic type. All condenser auxiliaries in 
these plants are ordinarily operated at full load irrespective of the load 
on the main unit, low first cost and simplicity of operation being of greater 
importance than heat economy. 

In the large central station the type of drive is largely a matter of the 
station heat balance. (See paragraph 265.) While steam-driven auxilia- 
ries are found in a number of recent designs, the present tendency is to 
rely more and more upon motors as a source of power for all auxiliaries. 
In order to insure against shut down of the main units through failure of 
power supply to the auxiliaries, the more important auxiliaries are supplied 
from a separate source of power, such as a house turbine, or are operated 
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by duplex drives. Duplication of auxiliaries is now practically standard 
practice with surface condensers for units of 15,000 kw. and over. Some 
of the more recent installations employ two constant-speed pumps on a 
single condenser having divided water-box construction. These pumps 
are provided with discharge valves as well as a by-pass valve, so that 
either pump may be used to supply water to the entire condenser, or each 
pump may supply water to one half of the condenser independent of the 
other half. Further economies have been obtained by the use of two- 
speed motors on either one or both of the pumps. The most efficient 
method of regulating the circulating supply is by the use of variable-speed 
drives for the pumps. Several recent conuenser installations are pro- 
vided with this means of control. Hotwell pumps arc invariably of the 
centrifugal type, and are of either the single or two-stage type depending 
upon the design furnished by the condenser manufacturer. Owing to 
their reliability, low steam consiunption, low maintenance cost, and com- 
pactness of installation, air pumps of the ejector type have practically 
supplanted the piston or hydraulic type of air pump. For a description 
of the various types of circulating condensate and vacuum pumps found 
in practice, see paragraphs 280 to 289. 

Steam Condensing Plants: P. A. Bancel, Mcch. Engrg., March, 1927, p. 219, 

Relative Efficiency of Various Types of Condensing Apparatus: Brewer and Stivers, 
Mech. Engrg., Oct., 1021, p. 072; Power, Nov. 15, 1921, p. 1092. 

Turbo-generators and Condensers for Modern Poujv Plants: Canshird and Carothers, 
Elec. Rev., Sept. 17, 1923. 

Selecting Condensing Equipment for Power Plants: Mech. Engrg., May, 1927, p. 418; 
Oct., 1927, p. 1115. 

Application of Steam Condensers: Selection of Size: F. A. Burg, Elec. Jour., Jan., 
1921, p. 17. 

Condensing Equipment: Prime Movers Committee, N.E.L.A., July, 1928. 

Water-cooling Systems. — When an ample supply of cooling water 
is unobtainable, for natural or economic reasons, the circulating water 
may be used over and over again by employing suitable cooling devices. 
The four systems most common in practice ax’e: 

1. The simple cooling pond or tank, 

2. The spray fountain, 

3. The cooling tower, 

4. Coolers — surface type. 

231. Simple Cooling Pond. — The simple pond is one of the oldest 
means of cooling and storing water for industrial and power plant pur- 
poses. The coohng action is independent of the depth of water and varies 
directly as the surface, the amount of heat dissipated for each sq. ft. of 
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exposed surface depending upon the temperature of the water, the tem- 
perature and relative humidity of the air, and the velocity of the air 
currents or wind. The maximum theoretical point of cooling is that of 
the temperature of the wet-bulb thermometer. The cooling action is 
effected by conduction and evaporation. Where the relative humidity 
is 100 per cent, all cooling is practically by convection and the amount 
of cooling is limited entirely by the amount of air that passes over the 
water to be cooled. Air is seldom quiescent, there being at all times some 
movement. Even if there is no wind blowing, the action of the heated 
water on the air would tend to create upward air currents and thus facili- 
tate the action of cooling. Were this not so, there would be absolutely no 
cooHng possible unless there were wind movement. When the relative 
humidity is less than 100 per cent — and this is invariably the case even 
during a heavy rain storm — part of the cooling is by evaporation. The 
amount of heat dissipated per sq. ft. of pond surface in perfectly calm air 
has been the subject of considerable experimental investigation, but the 
results have been decidedly discordant. Even if rules were available for 
calculating the amount of heat dissipated under these conditions, they 
would be of little service in determining the extent of surface necessary 
for practical installations because of the variable influence of air currents. 
For this reason engineers find it convenient to use rules of thumb which 
experience has taught will give satisfactory results. A common rule is to 
allow 6 to 8 sq. ft. of pond surface per lb. of water to be recirculated. 
Another, and perhaps more general rule, is to allow a heat transmission 
of 3.5 B.t.u. per hr. per sq. ft. of pond surface per degree difference in 
temperature between that of the air and the condenser discharge water. 
Since the heat is dissipated chiefly by evaporation, the weight of water 
evaporated is a fair index of the amount dissipated and approximates 1000 
B.t.u. per lb. In the new plant recently installed by the Western Light 
and Power Co., Boulder, Colo., 3 sq. ft. of pond surface is allowed per 
1000 B.t.u. per hr. to be removed from the circulating water. 

Box gives the following formula for the rate of evaporation in perfectly 
calm air: 


£ = (243 + 3.70 (F - v). (230) 


in which 

E = evaporation in grains per sq. ft. per hr., 
t = temperature of the water, deg. fahr., 

V = maximum vapor tension in in, of mercury at temperature t, 

V » actual vapor tension. 
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A few scattering tests show that the evaporation as calculated from 
equation (230) should be increased 25 per cent for each mile per hr. of 
wind velocity. 

Example 69. — How many lb. of water will be evaporated per sq. ft. per 
hr. from a pond, with the temperature of the water and air 80 deg. fa^.; 
air perfectly calm; barometric pressure 29.5 in. and relative humidity 70 
per cent? 

Solution. — The maximum vapor tension at temperature of 80 degrees 
is 1.03 in. of mercury. The actual vapor tension will be 

1.03 X 0.70 (= relative humidity) = 0.721. 

Substitute these values in equation (230), 

E = (243 + 3.7 X 80) (1.03 - 0.721) 

= 167 grains per sq. ft. per hr. = 0.024 lb. per sq. ft. per hr. 

It will be noted that any one of the preceding rules gives an enormous 
pond surface for even a small cooling effect. For this reason the old- 
fashioned cooling ponds are seldom foimd in the modern plant except 
where ground space is inexpensive and the cost of excavation is low. 

232. Spray Fountain. — To facilitate evaporation with a view toward 
reducing the size of the pond, the hot circulating water is generally dis- 
tributed through pipes and discharged through nozzles, falling to the 
surface of the pond in a spray. The water issuing from the nozzles creates 
a draft which, aided by the natural breeze, effects the necessary evapora- 
tion. The loss of water due to evaporation seldom exceeds 4 per cent of 
the weight of water circulated. The pressure required at the nozzles is 
approximately 6 lb. per sq. in. and in many cases the condenser pump is 
able to furnish the necessary pressure. Under ordinary conditions the 
power necessary to operate the sprays will average less than 11/2 per 
cent of thrower generated by the prime mover. Should the temperature 
of the c^ mn^Ld ischarge-water exceed the limit of reduction by single 
spraying^imi^H^ reduction in temperature may be effected by double 
spraying. arrangement, the condenser discha^'ge is mixed in the 

hotwell with an equal amount of cooler water flowing through an equaliz- 
ing valve from the spray pond. The resulting mixture is pumped to the 
nozzles and resprayed. Some idea of the performance of a spray cooling 
system may be gained from the data in Tables 71 and 72. 

Natural ponds without sprays require about 50 times more area than 
spray cooling systems. A rough rule is to allow 130 B.t.u. per sq. ft. per 
hr. per degree difference in temperature for the latter. 
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TABLE 71 


SINGLE-SPRAY SYSTEM — 600Q-KW. STEAM TURBINE PLANT 


Month 

Relative 
Humidity 
Per Cent 


. 1 — — 

Temporaturea, Deg. Fahr. 

8 A.M. 

12 A.M. 

4 P.M. 

Remarks 



Discharge water 

68 

73 

73 


Jan — . . 

62 

After spraying 

48 

53 

53 

Clear 



Surrounding air 

8 

14 

20 




Discharge water 

79 

86 

90 


Mar 

50 

After spraying 

58 

66 

70 

Clear 



Surrounding air 

30 

50 

43 




Discharge water 

89 

94 

97 


May 

72 

After spraying 

70 

75 

78 

Clear 



Surrounding air 

, 65 

72 

70 




Discharge water 

las 

118 

118 


July 

70 

After spraying 

90 

93 

93 

Clear 



Surrounding air 

90 

98 

102 




Discharge water. . . . 

112 

114 

116 


Aug 

84 

After spraying . . 

88 

89 

90 

Cloudy 



Surrounding air 

72 

74 

79 




Discharge water 

80 

90 

88 


Nov. . . . 

70 

After spraying 

62 

64 

63 

Cloudy 



Surrounding air 

27 

33 

34 



TABLE 72 

DOUBLE-SPRAY SYSTEM 



Firat Spraying 

Second Spraying 

Temperature air, deg. fahr , 

87.0 

88 0 

Relative humidity, per cent 


46 0 

Temperature, hot water, deg. fahr 


88.7 

Temperature, cooled water, deg. fahr 

Total degrees cooled, fahr 


^,^8.8 




233. Cooling Towers. — While spray ponds require T^ly a fraction of 
the area of the single cooling pond for the same refrigerating effect, the 
space is still considerable, and during periods of high winds a large quantity 
of water spray may be scattered over the surroundings and wasted. Aside 
from the monetary loss thus occasioned, there is the nuisance arising from 
the heat vapors or spray being deposited on neighboring buildings, walks, 
and streets. In order to reduce the space requirements and overcome 
these nuisances, the cooling tower has been developed. A cooling tower 
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consists of a wooden or sheet-iron housing, open at the top and bottom and 
so arranged that the hot water may be elevated to the top and distributed 
in such a manner that it falls in thin sheets or sprays into a reservoir at the 
bottom, air at the same time being drawn in at the bottom by natural 
draft or forced in by a fan. The water gives up its heat to the ascending 
current of air by evaporation, convection, and radiation, the last, how- 
ever, being a relatively small factor. Of these, evaporation absorbs from 
75 to 85 per cent of the heat, convection or direct transfer of heat to the 
air comes next, while radiation, partly in the tower and partly through 
the piping, accounts for the balan(;e. If the air supply is dependent 
entirely upon the chimney action of the devic , the system is known as a 
natural-draft or flue cooling tower; if the air is forced into the device by 
fans, the system is called a forced-draft 
cooling tower. Water-cooling towers may 
be classified as (1) forced-draft, (2) natu- 
ral-draft — open type or atmospheric, 

(3) natural-draft — closed or flue type, 
and (4) combined forced and natural draft. 

Forced-draft towers are completely en- 
closed, except at the top and at the base 
where provision is made for the fan open- 
ings. In the atmospheric type of natural- 
draft tower, the sides are louvered and 
the necessary air is supplied through the 
open base and through the louvered sides 
by natural air currents. The flue type of 
natural-draft tower receives its air supply 
through the chimney action of the flue. 

The combined forced- and natural-draft 
tower may be used with natural draft only 
for light loads and forced draft for heavy 
loads. 

The different designs vary principally in 
the character of the filling and the method - 

. , ® from Tower 

of water distribution. Figure 376 illus- « j Tiru i 

^ ^ ® ^ Fia. 616. Barnard-Wheeler All 

trates the Barnard-Wheeler cooling tower Cooling Tower, 

in which the falling water is broken up by 

vertically suspended galvanized iron wire-cloth mats, causing it to trickle in 
thin sheets to the bottom. In the Wheeler standard design, the tower is 
equipped with a large number of V-shaped horizontal wooden troughs 
arranged diagonally so that the spill from each trough is directed to the 
one immediately below. The ascending currents of air, in flowing through 
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the tmrestricted zig-zag air lanes, mingle intimately with the slowly 
descending shower of water. The fillings of the Alberger standard cool- 
ing tower consist of boards of swamp cypress geometrically arranged in a 
honeycomb fashion, permitting the water to trickle down the sides of the 
boards and the air to pass upward through the lanes. In the C. H. Wheeler 
natural-draft cooling tower, Fig. 377, the filling is constructed of a series 



Fig. 377. C. H. Wheeler Atmospheric Cooling Tower. 


of cypress strips laid in alternate rows and staggered so that no water can 
drop more than a few inches without being broken. The louvers are 
designed so that the air may pass freely into the structure and yet arrest 
the spray in a strong wind. 

Owing to their compactness, cooling towers may be located on the roof 
of a power house or adjacent building, on the engine room floor or in the 
yard| the latter being the most adaptable. The minimum theoretical 


CONDENSERS 


555 


temperature of the circulating water is that of the existing wet bulb, but 
in practice it is usually more economical to keep down the temperature 
range and circulate more water, the exact amount, of course, depending 
upon the nature of the equipment, load factor, and efficiency of pumping. 
The rate and degree of cooling is a function of the amount of water surface 
exposed to the air per unit of time and not a function of the amount of 
board or filling surface exposed to the water. As a general rule, spray 
ponds are installed where real estate is cheap and a/ailable, and cooling 
towers where space is expensive and unavailable. Cooling towers cir- 
culate less water than spray ponds because of their higher cooling effi- 
ciency, but the pumping head is higher, so that as far as power require- 
ments are concerned there is no great difference between the two systems. 
See paragraph 409 for cooling tower calculations. 

The Design of Cooling Towers: Trans. A.S.M.K., Vol. 44, 1922, p. 669. 

Factors in CooiUng Tower Design: Power, Feb. 27, 1923, p. 345. 

Water-Cooling System Efficiency' Mech. Engrg., Nov., Part 2, 1924, p. 799. 

234 . Coolers — Surface Type. — While circulating water for condenser 
purposes is never cooled in practice by coolers of the Surface type, it is 
frequently necessary to employ such devices in 
the cooling of jacket water from internal com- 
bustion engines, cooling lubricating and trans- 
former oils, cooling air for turbine generators 
operating on the closed system,^’ and for 
transferring the heat from one liquid to another. 

Coolers of the surface type are invariably used 
where the medium to be cooled is used over 
and over again without contact with the cool- 
ing medium. These devices are built in a great 
variety of designs ranging from the simple 
double-tube type in* which the medium to be 
heated passes through the inner tube and the 
cooling medium passes through the annular 
space between both tubes, to the more com- 
plicated multi-tube or multi-compartment type 
in which the cooling surface is greatly extended 
so as to permit a high rate of heat exchange. 

For exchanging heat between liquids, the pm. 373 . Schutte-Koerting 
double-tube or multi-tube type is commonly Oil Cooler, 

used, but where one medium is a non-con- 
densable gas and the other a liquid or gas, the extended-surface type is 
the more general because of the low rate of heat transmission. 
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Figure 378 shows a section through a Schutte and Koerting oil cooler 
and illustrates the principles of a popular make of cooler. The hot oil 
hows into the shell at the top, passes around the annular baffles, and 



8 12 16 20 24 28 32 36 40 SO 60 70 80 90 100 110 120 

Water Velocity In. -per Second B.T.U. per Jlr. per Sa.Ft. per Deg. Fahr. 

Mean Temperature Difference 


Fig. 378a. Heat Transfer — Schutte-Koerting Oil Cooler. 


leaves the shell at the bottom. The water flows through the tubes in a 
counter-current direction. The heat-transfer rate for this type of heater 


is shown by the 
curves in Fig. 
378a. 

Figure 379 
shows the prin- 
ciples of the 
Griscom - Russell 
Co.^s U-fin 

Cooler ” for cool- 
ing the ventilat- 
ing air for turbo- 
generators. It 

' differs from the 
Air-Cooler Ele- 

ment with Re- ordinary type 
turn Bend. smooth-tube 

cooler in that the 
external surface of the tubes is 
greatly extended by thin brass 
sheets which are in metallic contact 
with the tubes and which form a 
series of narrow channels for the 




Air Cooler to Turbo-generators. 


passage of the air. The tubes are of Admiralty brass, 5/8-in. O.D., 
No. 18 B.W.G. gage and are spaced 1 9/16 in. between centers in each 
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element. The air fins are of brass, 30 B. & S. gage, and are secured to 
the tubing by tinning. The “U-fin Preheater’^ is built on the same 
principles as the cooler. 

The coefficient' of heat transfer from these various heat exchanging 
devices varies within such wide limits, depending upon the design of 
apparatus, physical properties of the heating and cooling medium, veloc- 
ity of flow, initial temperatures, and the like, that the ‘‘ average values 
are only of academic value. Specific values may be had from 'the manu- 
facturer. Valuable data in this connection may be found in the 1921-23 
Prime Movers Committee Reports, N.E.L.A. 

Veniilation of Turbo-alternators: Power Plant Engrg., Feb. 15, 1929, p. 256. 

Heat Transmission in Coolers^ Heaters and Condensers: Jour. Soc. Chera. Ind., Nov. 
23, 1923, p. 443. 

234a. Water Screens. — Cooling water, unless free from foreign matter, 
is apt to clog the orifices of jet condensers and the tubes of surface con- 
densers, resulting in reduced efficiency of operation, increased load on 
boilers and stokers, and increased cost of fuel supply. Even when the 
water is comparatively free 
from foreign matter, it is 
customary to use some sort 
of screen to prevent fish or 
any chance obstruction from 
entering the circulating sys- 
tem. Stationary screens are 
simple and efficient, but re- 
quire frequent cleaning. In 
large central stations or in 
small stations where the water 
is particularly bad, the travel- 
ing screen is accepted practice. 

The traveling screen consists 
essentially of two chains, pass- 
ing around sprocket wheels at the head and foot, to which are attached wire 
cloth screens in the shape of steel trays or baskets. The trays are placed 
close together so as to form a continuous screen which travels with the 
chains. The foreign matter adheres to the surface of the screen and is 
dumped on the descending run into troughs, as shown in Fig. 380. Ma- 
terial which clings to the screen is washed off by water sprays under con- 
siderable pressure. The wire cloth is constructed either of copper, brass, 
steel, or galvanized wire according to the particular conditions of the 
circulating water. In the larger stations several screens are used so as to 



Fig. 380. Typical Traveling Water Intake 
Screen. 
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guard against interrupted service. The screens move very slowly, about 
18 ft. per minute, so that very little power is required to drive them. 

» 

PROBLEMS 

1 . Reading of vacuum gage 26.5, temperature of room 80 deg. fahr., barometer 
29.5, temperature of mercury in the barometer 40 deg. fahr. Determine the vacuum 
referred to a 30-in. barometer. 

2 . If the absolute pressure in a condenser is 5 in. of mercury and the temperature 
of the air-vapor mixture in the chamber in 90 deg. fahr., required the percentage of air 
(by weight) in the mixture. 

3 . If the temperature within a condenser is 100 deg. fahr. and there is entrained 
0.1 lb. of air per lb. of steam, required the maximum degree of vacuum obtainable. 

4 . Required the volume of aqueous vapor to be withdrawn in order to cool 10,000 
lb. of water from 120 to 80 dog. fahr. 

6. A 30,000-kw. turbine uses 12 lb. steam per kw-hr., initial pressure 290 lb. abs., 
superheat 250 deg. fahr., vacuum 28.5 in. referred to a 30-in. barometer; initial tem- 
perature of the cooling water 70 deg. fahr., water velocity through tubes 8 ft. per sec. 
Required: 

а. Weight of cooling water. 

h, Sq. ft. condenser tube surface. 

c. Number of 18 B.W.G. 1-in. tubes in each pass of the condenser (2 pass). 

d. Length of water travel. 

б. A 200- kw. turbine uses 20 lb. steam per Kw-hr., initial pressure 150 lb. abs., 
superheat 100 deg. fahr., vacuum 27 in. referred to a 30-in. barometer. If an evapo- 
rative surface condenser of the forced-draft type is used to create the vacuum, required 
the amount of atmospheric air and water spray which must be forced through the 
condenser. The temperature of the atmospheric air is 80 deg. fahr., wet bulb ther- 
mometer 65 deg. fahr., air issuing from the condenser is completely saturated and its 
temperature is 15 degrees below that of the vapor in the condenser, fan pressure 4 in. 
of water. 

7 . How much ** makeup ” water is necessary for the cooling-tower system of a 
steam engine plant operating under the following conditions: Engines 1000 hp., water 
rate 20 lb. per i.hp-hr. initial pressure 120 lb. abs., vacuum 26 in., barometer 30 in.; 
temperature of injection water, discharge water and atmospheric air, 90, 110 and 70 
deg. fahr., respectively; relative humidity of air entering and leaving tower 65 and 
95 per cent respectively; temperature of air leaving tower, 100 deg. 



CHAPTER XIII 

FEEDWATER TREATMENT, HEATERS, EVAPORATORS 

235. General. — An ample supply of boiler feedwater of good quality 
is a necessity for economic and efficient operation of a steam plant. The 
larger the boiler units and the higher the rate of driving, the greater is the 
need for pure water. Among the numerous ill effects arising from the use 
of unsuitable feedwater may be mentioned (1) tube failures, (2) crystal- 
lization or embrittlement and corrosion of boiler steel, (3) loss of heat due 
to the deposit of scale, dirt, or oil on the heating surfaces, (4) length of 
time apparatus must be out of service for cleaning, inspection and repairs, 
(5) investment in spare equipment, (6) loss of heat due to blowing down 
boilers, heaters, etc., (7) increased steam consumption of prime movers 
due to accumulation of scale or dirt in valves, nozzles, and buckets, and 
(8) foaming and priming. 

All natural waters contain more or less foreign matter either in sus- 
pension or solution; therefore, perfectly pure water can only be obtained 
by artificial treatment. Fortunately, pure water, while highly desirable, 
is not an economic necessity in all plants since the cost of purification 
may more than offset the gain due to elimination of all the ill effects 
previously outlined. This is particularly true in small or moderate-sized 
plants where the natural or raw water supply is of fairly good (luality and 
where the boilers are not forced to any great extent and the service is not 
continuous. In plants of this class where the supply is poor, the water is 
usually treated for one or more seriously objectionable impurities, but no 
attempt is made to obtain the chemically pure product. In the large 
modern central station, with its tremendous output, extreme peak loads, 
and need for continuous operation, the quality of the feedwater is in many 
respects more important to the life and operation of the apparatus than 
is that of the fuel, and the expense of installing elaborate systems for 
purifying the water is usually warranted. 

The impurities in water are determined by chemical analysis, and while 
such analyses are more or less standardized the formation of a correct 
conclusion is in many cases a difficult matter and is ordinarily beyond the 
powers of the layman. The impurities are usually determined in milli- 
grams per 1000 liters of water, but are frequently reported as parts by 

659 



560 


STEAM POWER PLANT ENGINEERING 


weight per million parts of water by weight,” grains per standard U. S. 
gallon ” or '' pounds per 1000 lb. of water.” Impurities which are elec- 
trically neutral and which do not enter into any combination in the water 
are weighed and reported as found, but salts in solution are determined 
as ions (calcium, sodium, chlorides, sulphates, etc.), and not as permanent 
salts (calcium chloride, sodium sulphate, etc.). Knowing the amount and 
character of the ions, the chemist is in a position to give the possible com- 
binations of these ions in the form of salts. Since there is no way of 
proving from the analysis alone that any particular combination of the 
ions is formed to produce certain salts, rather than any other equally 
possible combination, it is customary to designate such combinations as 
hypothetical combinations. Engineers are accustomed to express the 
analyses in hypothetical combinations, since this method of reporting 
represents approximately the order in which precipitation takes place 
upon evaporation and enables them to visualize more readily the nature 
and amount of chemical treatment necessary. The more commonly found 
ions in feedwater and their hypothetical combinations are given in Tables 
74 and 75. 

The organic constituents of the foreign matter in i*aw water are of vege- 
table and animal origin and are taken up by the water in flowing over the 
ground or by direct contamination with sewage and industrial refuse. 

Feedwater containing organic mat- 
ter may cause foaming, due to 
the fact that the suspended par- 
ticles collect on the surface of the 
water in the boiler and impede the 
liberation of the steam bubbles 
arising to the surface. The in- 
organic impurities in suspension 
or in colloidal solution consist of 
clay, silica, iron, alumina, and the 
like. The more common soluble 
inorganic impurities are calcium, 
magnesium, potassium, and sodium 
in the form of carbonates, sul- 
phates, chlorides, and nitrates. 

Raw water also contains a certain quantity of gases in solution such as 
air,^ CO 2 , and occasionally hydrogen sulphide. Air, CO 2 and other gases 
may also be present in distilled water which has not been subjected to 
degasification. Gas-free distilled water absorbs oxygen and CO 2 at a 

1 Air in solution is usually designated as " dissolved oxygen ” since the nitrogen 
content is inert and causes ho trouble. 



Temperature of Water, Desr. Fahr.* 

Fiq. 381. Maximum Gas Content of 
Normal Surface Water. 
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very rapid rate and to a much greater capacity than water containing 
the usual mineral impurities in solution, so that the condensate from a 
high-vacuum condenser system, while practically free from gases, will 
absorb them at once on exposure. These gases, particularly oxygen, if 
permitted to enter the boiler or economizer with the feedwater, may 
under certain conditions cause excessive corrosive action on the steel 
heating surfaces. 


TABLE 74 


PROPERTIES OP IONS COMMONLY ENCOUNTERED IN FEEDWATER ANALYSIS AND 

PURIFICATION 


Acidic or Negative Iona 


Basic or Positive Ions 


Name of Ion 

Symbol 

Equivalent 

Weight 

Aluminium 

+++ 

A1 

9.03 


+ 


Ammonium — 

NH4 

9.02 


-H- 


Calcium 

Ca 

20.04 


+ 


Hydrogen 

H 

1.01 


+ 


Ferrous 

Fe 

55.84 

Magnesium 

++ 

Mg 

12.16 


+ 


Potassium 

K 

39.10 

Sodium 

+ 

Na 

23.00 


Name of Ion 

Symbol 

Equivalent 

Weight 

Bicarbonate. . 

HCO3 

61.01 

Carbonate 

CDs 

30.00 

Chloride 

Cl 

35.46 

Hydroxide 

OH 

17.01 

Nitrate 

NOs 

62.01 

Phosphate 

po; 

31.68 

Sulphate 

SO4 

48.03 


In combining the positive and negative ions to form salts, there must be as many 
individual combining portions of negative ions as of positive ions. Thus: 

+ (Cl + Cl) = CaCh; (Na + Na) + COj = NazCOa; (K + K + K) + PO4 = 
K3PO4. 


The product of the weight of any ion in milligrams per 1000 liters of water by the 
reciprocal of the equivalent weight gives the gram-equivalent. If the analysis is 
correctly made the sum of the gram-equivalents of the positive ions will be equal to 
the sum of the gram-equivalents of the negative ions. 

Atomic weight = equivalent weight X valence (valence = number of + or — 
signs above the symbol). Thus: Atomic weight of aluminum « 9.03 X 3 = 27.09; 
that of calcium = 20.04 X 2 = 40.08; that of chloride = 35.46 X 1 = 35.46. 


When raw water is fed into a boiler, practically all of the solids remain 
in the boiler and are constantly increased in amount by the evaporation 
taking place. Some of the accumulated impurities deposit on the heating 
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surface as scale, some are present as suspended matter, and others remain 
in solution. The dissolved gases are set free and the greater part is dis- 
charged with the steam. The remaining portion under certain conditions 
forms a number of combinations with the iron walls which result in pitting 
and general corrosion. 


TABLE 75 

COMBINATIONS OF IONS COMMONLY ENCOUNTERED IN BOILER PJIEDWATBR ANALYSIS AND 

PURIFICATION 


Name of Combination 

Symbol 

1 

Moleo 

ular 

Weight 

Name of 'Combination 

Symbol 

Molecular 

Weight 

Alumina 

AhOa 

102 2 

Magnesium bicarbonate. 

Mg(HCOi)3 

146 3 




carbonate 

MgCOa 

84 3 

Aluminum hydroxide — 

A1(0H)3 

84 1 

chloride . 

MgCl2 

95.2 

' sulphate. . 

Al2(S04)a 

342 2 

hydroxide . 

Mg(OH)i 

68 3 




sulphate... . 

MgS04 

120 3 

Ammonium bicarbonate 

NH 4 HCO 3 

79 0 




carbonate 

(NH4)jC03 

90 0 

Potassium carbonate . 

KjCOa 

138 2 

chloride . . 

NH 4 C 1 

53 5 

chloride 

KCl 

74 6 

sulphate 

(NIl4)2S04 

114 0 

hydroxide 

con 

56 1 




nitrate 

KNOs 

101 1 

Barium carbonate ... 

BaC03 

197 4 

sulphate . 

K 3 SO 4 

174.3 

chloride ... . 

BaCb 

208 3 




hydroxide 

Ba(OH)a 

171 4 

Silica 

S 1 O 2 

60.3 

sulphate 

BaSOa 

233 4 

Sodium aluminate 

NaaAIOa 

144 1 

Calcium bicarbonate . . 

Ca(HC08)2 

162 1 

bicarbonate 

NallCOi 

84 0 

carbonate . . 

CaCOa 

too 1 

carbonate 

NazCO* 

106 0 

chloride 

CaCl 2 

75 5 

chloride . ... 

NaCl 

58 6 

hydroxide . 

Ca(OH)3 

74 1 

fluoride . 

NaF 

42 0 

oxide 

CaO 

56 1 

hydroxide . . 

NaOH 

40.0 

phosphate. . 

CaaCPOali 

230 5 

nitrate 

NaNOa 

85 0 

sulphate... . 

CaSOi 

136 1 

phuHphate . . 

Na3P04 

164 0 




silicate ... 

Na 4 Si 04 

152 3 

Ferrous carbonate... . 

FeCOa 

115 8 

sulphate 

Na2S04 

142 0 

sulphate 

F 0 SO 4 

151 8 




Ferric oxide 

FeaOa 

159 7 





The most widely known evidence of the presence of scale-forming in- 
gredients in feedwater is known as hardness. If the water contains only 
such ingredients as the bicarbonates of lime, magnesia, and iron, which 
may be precipitated as normal garbonates by boiling at 212 deg. fahr., it 
is said to have temporary hardness. Permanent hardness is due to the 
presence of sulphates, chlorides and nitrates of lime, magnesia, and iron 
which are nol completely precipitated at a temperature of 212 deg. fahr. 
Hardness is conveniently determined by means of a standard soap solution 
as follows: 

A 100-cc. (cubic centimeter) sample of water to be tested is put in a 
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250-cc. bottle and a standard soap solution (this may be obtained from 
chemical dealers) run in 0.2 cc. at a time, the bottle being shaken vigor- 
ously after each addition of the soap solution. Finally a lather is produced 
that will persist for at least five minutes, and then the volume of soap 
solution used in cc. gives the degrees “ U. S.” hardness. One degree 
“ U. S.” hardness is equivalent to 1 grain of calcium carbonate per XJ. S. 
gallon (1 part in 58,349). 

The following factors may be used for specifying hardness of water in 
terms of calcium carbonate per XJ. S. gallon: 

Magnesium carbonate X 1.19 
Magnesium sulphate X 0.833 

Calcium sulphate X 0.735 = hardness as calcium carbonate, grains 
Magnesium chloride X 1.05 per XJ. S. gallon or XJ. S. degrees. 
Calciiun chloride X 0.901 


It is impossible to judge the quality of feedwater merely by the grains 
of solids per gallon, since a large amount of soluble salt, such as sodium 
chloride, will not be as deleterious as a very small amount of calcium 
sulphate. 

The scale of hardness usually accepted (grains of dissolved salts per 
U. S. gallon) is as follows: Soft water, 1 to 10; moderately hard 10 to 20; 
very hard water, above 25. 

The following is a rough rating according to the number of grains of 
incrusting solids per XJnited States gallon: 

Less than 


8 grains 

12 to 15 grains 
15 to 20 grains 
20 to 30 grains 
Over 30 grains. 


very good, 
good, 
fair, 
bad. 

very bad. 


This applies to calcium carbonate, magnesium carbonate, and magne- 
sium chloride. For water containing sulphates of calcium and magnesium, 
divide the first colmnn by 4 for the same rating. 

The limiting factor in deciding whether a water carrying a large amount 
of non-corrosive soluble salts may be used for boiler feed purposes is the 
amount of blowing down necessary to keep the degree of concentration 
within the limits found by experience. 

The degree of concentration may be ascertained by a complete chemical 
analysis, but this is usiially an expensive procedure and requires con- 
siderable time. The total solids in a given water of varying concentration 
generally bear a certain constant ratio to the sodium chloride content, 
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therefore, any method of determining the amount of sodium chloride in 
the water to be tested offers a satisfactory check on the total amount of 
solids present. The usual test for sodium chloride i^ to titrate a sample 
of the water in question with a normal silver nitrate solution, using potas- 
sium chromate as an indicator (see N.E.L.A. Report T3-22, 1922, p. 189). 
The Esterline-Angus Concentration Meter is finding favor with many 
engineers. This apparatus indicates or records the degree of concentra- 
tion by measuring the variation in conductivity of the water. From 
experiments conducted under the supervision of, the U. S. Bureau of Mines, 
it appears that if the proper relation of sulphate and carbonate, or sulphate 
and phosphate concentration is maintained at all times in the boiler water, 
there will be no growth of adherent scale on the heating surfaces. No 
feedwater analysis is necessary other than to test it for acidity. The 
concentration of carbonate, sulphate and phosphate radicals is readily 
determined by suitable titration of a sample of water drawn from the 
boiler. A knowledge of this concentration in conjunction with established 
curves is all that is necessary to properly condition the water so that hard 
adherent scale will not deposit on the heating surfaces. For a complete 
discussion of this important topic consult Fundamentals in the Condition- 
ing of Boiler Waters by R. E. Hall: Proc. Engr. Soc. Wes. Pa., VoL 41, 
Sept. 21, '25. 

Boiler Waters: Their Chemical Composition^ Use and Treatment: Univ. of Tex., 
BuL, 1752, Sept. 15, 1917, 

Treatment of Water for Steam Making: Chem. Age, Jan., 1922, p. 43. 

A Review of Feedwater Treatment: N.E.L.A. Publication No. 278-81, 1928. 

Causes of Hardness in Water and How to Find Them: Power Plant Engrg, Jan. 1, 
1923, p. 36. 

The ill effects from the use of impure feedwater may be briefly sum- 
marized as follows: 

1. Scale, or incrustation. 3. Metal embrittlement. 

2. Corrosion. 4. Foaming. 

336. Scale. — Mud or suspended mineral matter, if introduced into the 
boiler with the feedwater, will eventually form a deposit on the heating 
surfaces. Iron, aluminum, and silicon in colloidal solution will also tend 
to produce scale, but by far the greater part of the objectionable scale 
deposit results from the salts of calcium and magnesium. The salts are 
in solution in the cold raw water and constitute “ hardness." When 
subjected to the temperature and pressure in the boiler and to concentra- 
tion by evaporation, certain portions are precipitated and form sludge or 
scale. The carbonates of calcium and magnesium alone usually produce 
scale of a chsdk-like formation, which is more or less friable, but in the 
presence of other elements the formation may be hard and dense. Mag- 
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nesium sulphate alone does not form a hard scale, but when combined with 
calcium carbonate may produce a hard stony deposit. Calcium sulphate 
alone produces a hard tenacious scale. It is very difficult to tell from 
the composition of the water whether the scale produced will be adhering, 
non-adhering, hard, or soft. The type of boiler, pressure, degree of con- 
centration, and rate of driving are all factors which influence the character 
and amount of deposit. Other salts, such as sodium carbonate, sodium 
chloride, and magnesium chloride, are always in solution and do not form 
scale except under excessive concentration. 

Scale lowers the efficiency of heat transmission by insulating the surface 
of metal and reduces the capacity of the boiler. Overheating, with con- 
sequent blistering or bagging of tubes and shell, is frequently due to the 
heat-insulating effects of scale. Numerous tests on the heat transmission 
through boiler tubes coated with scale of varying thickness fail to show 
any relationship between thickness of scale and efficiency of transmission, 
but that even the thinnest coating of scale appreciably reduces boiler 
efficiency and capacity is too well known to dwell upon. 

In plants using raw water for boiler feed, scale is removed periodically 
by ** cutting out the boiler and running rotary cleaners through the 
tubes. Chemical compounds fed into the boiler may reduce the number 
of cleanings, or in some cases dispense with mechanical cleaning entirely. 
Scale may also be prevented from entering the boiler by suitable treatment 
of the water outside the boiler. 

Removing Boiler Scale with Co%: Power, Mar. 14, 1922, p. 422. 

J837. Corrosion. — Corrosion, both internal and external, is evidenced 
by small pits or depressions and by large cup-shaped hollows on the metal 
siuface, and occasionally by a considerable destruction of a large portion 
of the surface. Carbonic acid gas, occluded oxygen, sodium and magne- 
sium chlorides, and iron and aluminum sulphates are common causes of 
internal corrosion. Magnesium and calcium chlorides are very pernicious 
in that they produce free hydrochloric acid on hydrolysis. Galvanic 
action set up by any difference in the crystalline structure or chemical 
composition of the steel in different parts of the boiler will cause corrosion. 
Corrosion is also found in boilers using a high percentage of condensate 
or distilled water from which the dissolved gases have not been eliminated, 
or which has re-absorbed them on exposure to air, or which has become 
contaminated with raw water through condenser leakage. Whatever 
may be the theory involved in the corrosive action of dissolved gases in 
feedwater, it suffices to state that boilers or economizers fed continuously 
with pure condensate containing dissolved gases are subject to corrosion 
and that no such action is evidenced if the gases are removed and the 
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condensate is maintained slightly alkaline. Scaling and corrosion are 
sharply difiFerentiated in that, with the exception of scales consisting 
mainly of silicates, one rarely accompanies the other. In fact, scale, 
other than silicate, is an excellent preventive of corrosion though decidedly 
objectionable in other respects. The test generally used for determining 
the oxygen content of feedwater is knowm as the Wrinlder^ method, and 
the degree of acidity or alkalinity may be determined by a complete chemical 
analysis, by observing the color reaction when certain indicators are added, 
or by noting the voltage existing across two electrodes immersed in a 
small by-passed flow of the feedwater. (Consult “ A Meter for Record- 
ing Alkalinity of Boiler Feedwater, by Robert E. Arthur and Earl A. 
Keeler, Power, May 16, 1922, p. 768.) 

For an excellent discussion of the subject of corrosion and feedwater 
treatment in general, consult pages 164-194 Report of Prime Movers' 
Committee, National Elec. Light Assoc. T3-22, 1922. 

238. Embrittlement of Boiler Metal. — Embrittlement with consequent 
cracking of the metal in the seams is evidenced in boilers fed with artesian 
well water abnormally high in free sodium bicarbonate, and in plants 
where treatment with soda ash, caustic soda, or boiler compound has been 
carried to excess. It has been definitely established that concentrated 
caustic in the presence of steel will liberate free hydrogen gas and that the 
steel is susceptible of occluding the gas with a subsequent embrittling 
action. It is believed, therefore, that such action takes place in boiler 
joints where caustic soda, formed by the hydrolysis of sodium carbonate 
and sodium bicarbonate under temperature and pressure, is likely to con- 
centrate. All waters containing free caustic or substances which produce 
excess causticity are not necessarily dangerous, but excessive concentra- 
tion should be avoided by periodic blowing down of the boilers. 

The Embrittling Action of Sodium Hydroxide on Soft Steel: S. W. Parr, Bui. No. 94, 
Univ. of Illinois. See also pp. 180-184, Report T3-22, 1922, N.E.L.A. 

239. Foaming and Priming. — Foaming is usually caused by certain 
types of organic matter, saponifiable oils in the presence of caustic soda 
or sodium carbonate, and suspended matter. It is largely a matter of 
viscosity of surface films, and surface blowing is a remedy where it can be 
applied. Foaming caused by organic matter in suspension may be mini- 
mized by filtration. Priming is due to increased surface tension, which 
tends to* liberate the steam in slugs. The point at which priming occurs 
varies with different waters, different boilers, and the rate at which the 
boilers operate; but if the priming point is once determined and concen- 


1 Report T3-22, 1922, N.E.L.A., p. 168. 


4 
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tration is maintained just below that point, little trouble will be experi« 
enced. Foaming and priming cause the impurities in the entrained boiler 
water to be carried over with the steam into the superheater pipe lines, 
traps, and prime movers, resulting in all of the troubles arising from the 
use of dirty apparatus. 

Priming: Power Plant Engrg., Apr. 1, 1925, p. 377; Power, Apr. 12, 1927, p. 545; 
Apr. 31, 1926, p. 330. 

240. Feedwater Treatment. — An ideal feedwater supply is one that 
will not deposit mud or scale, will cause neither priming nor foaming, 
and will not corrode boilers or appurtenances. No such water exists in 
the natural state, although many waters are sufficiently low in impurities 
to warrant their use, under certain conditions, in the raw state without 
purification. The deciding factor lies in whether the cost of maintenance 
and operation with raw water is greater or less than that incident to the 
use of the treated product. The quality of the feedwater plays such an 
important part in the economic operation of the steam plant that advice 
from a competent water-treating engineer is essential even in the smallest 
plants. In some plants raw water gives satisfactory results; in others 
partial treatment is necessary; while in some of our largest stations total 
elimination of all impurities is essential. There is no general panacea for 
treatment, and each installation and source of supply must be analyzed 
to meet the particular conditions involved. 

All or part of the evil effects arising from the use of impure feedwater 
may be neutralized or eliminated by one or more of the following methods: 

1. Filtration. 4. Application of protective 

2. Preheating. coatings. 

3. Chemical treatment. 5. Distillation. 

6. Degasification. 

Table 76, based on a similar chart by W. W. Christie, gives a general 
outline of the troubles arising from feedwater, their cause, and some of 
the means for preventing them. 

241. Filtration. — Suspended matter, either in raw or treated feedwater, 
is cheaply and conveniently removed by passing it through a filter. There 
is a large variety of straining and filtering equipment on the market, but 
the down-flow type of filter, using sand or granulated quartz as a separa- 
ting medium, appears to be the most common. Frequently a large part 
of the impurities in a water supply can be removed by filtration. Filters 
should be of ample size for service required; otherwise they soon become 
choked up or permit some of the filtering medium to pass into the water 
system. Mud imd sand may under certain conditions be eliminated by 
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TABLE 76 

BOILER TROUBLES ARISING PROM USB OP IMPURE FEEDWATER 


Trouble 

Cause 


Sediment, mud, clay, etc. . . j 
Readily soluble salts 

Incrustation. 

Bicarbonate of magnesia, 
lime, iron 


Organic matter 

Sulphate of lime 


Organic matter 

Corrosion .. 

Grease 

Chloride or sulphate of mag- 
nesium 

Sugar 

Acid 


Dissolved carbonic acid and 
oxygen 

Priming 

Electrolytic action 

Sewage | 

Alkalies 

Carbonate of soda in large 

quantities 

Organic matter 

Saponifiable oils in presence 
of caustic soda or sodium 

carbonate 

Suspended matter 

Foaming 

Embrittle- 
ment 

« 

Abnormal causticity 


Remedy or Palliation 


Filtration 
Blowing off 
Blowing off 

Heating feed and precipitation 

Caustic soda 

Lime 

Zeolite 

Jec below 

Sodium carbonate 

Zeolite 

Barium chloride 
Precipitation with alum 
Precipitation with ferric 1 and fil- 
chloride ) tration 

•■I 

Carbonate of soda 

Alkali 

Slaked lime 
Caustic soda 
Heating 
Deactivator 
Deaerator 
Zinc plates.. 

Precipitation with alum or ferric 
chloride and filtration 
Heating feed and precipitation 

Barium chloride 

Surface blowing 
Filtration 

Magnesium sulphate 
Blowing off 


simply permitting the water to stand for some time in settling tanks. It 
is unnecessary to filter water before chemical treatment except when 
excessively turbid, since the chemicals in the reaction tank act to some 
extent as coagulants and the suspended matter, whether originally con- 
tained in the water or produced by the chemicals, is eliminated by sedi- 
mentation or by filtration after treatment. 

The Hagan de-concentrator^ which consists of a special pump and filter, 
and prevents scale by continuously removing the insoluble impurities 
from the feedwater after it has been fed into the bpiler, is finding increasing 
favor with engineers. By means of this apparatus water is withdrawn 
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from the boiler, preferably at the lowest point, forced through a suitable 
filter, and then returned. At intervals of twenty-four hours the filter is 
flushed back, and the impurities precipitated by the temperature in the 
boiler are washed out and discharged to waste. The continuous blow- 
down system, intended primarily to limit the degree of concentration with 
minimum heat loss, is a feature in many new plants. 

Deconcentrators and Coniinuous Blowdown: Power, Oct. 5, 1926, p. 520. 

ArUomatic Blowdown: Power, July 5, 1927, p. 14. 

242. Preheating. — Practically all of the dissolved air and free car- 
bonic acid, CO 2 , in water may be liberated from the water by boiling it 
violently at 212 deg. fahr., under atmospheric pressure. If the liberated 
gases are removed by suitable means and the water is not exposed to 
further absorption of these gases before being fed into the boiler or econo- 
mizer, there will be little danger from corrosion provided there are no 
other corrosive agents in the water. The bicarbonates of calcium and 
magnesium, which constitute the chief source of hardness in most boiler 
feedwaters, are broken up into carbonates and CO 2 when the water is 
heated to 212 deg. fahr. The reaction is as follows: 

Ca (H 003)2 = CaCOa + CO 2 + H 2 O (231) 

Mg (H 003)2 = Mg 003 + OO 2 + H 2 O (231a) 

The calcium carbonate is practically insoluble in the hot water and is 
precipitated as a solid, but the magnesium carbonate is only partly pre- 
cipitated, since it is somewhat soluble. A large portion of the CO 2 is 
Unrated and may be withdrawn with the other gases freed by boiling. 
While calcium carbonate is more soluble in hot water than in cold water, 
the difference is negligible and the greater part of the hardness that is due 
to its presence may be removed by boiling at atmospheric pressure. 

Thus we see that nearly all of the dissolved gases and some of the scale- 
forming elements in water may be eliminated by merely boilingdt violently 
at 212 deg. fahr., under atmospheric pressure and withdrawing the liberated 
gases. In the standard commercial type of exhaust steam heater, pro- 
vision is not ordinarily made for a complete removal of the liberated gases, 
and the tune the water is in the apparatus is not sufficient to allow all the 
precipitated matter to collect. There is no question, however, but that 
these devices have a decided purifying action. 

Calcium sulphate, under the high pressure and temperature found in 
cxnrent practice, is practically insoluble, and unless the water is properly 
conditioned the precipitation will collect on the boiler heating surfaces as 
a hard, tenacious scale. (See Live Steam Purifiers, paragraph 250.) 

See also paragraph 247. 
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243. Chemical Treatment. — The great majority of plants using treated 
water for boiler feed purposes depend upon chemical treatment for effect- 
ing the desired results. It should be stated at the outset that such treat- 
ment does not produce pure water, and as a matter of fact, frequently 
increases the total amount of impurities, but the objectionable impurities 
have been converted by this treatment into others which are less objection- 
able. Thus, when soda (Na2C03) is fed into a boiler, the water of which 
has calcium sulphate (CaS04) in solution, the mineral content of the 
boiler has been increased by the amount of soda introduced, but the 
calcium sulphate, which produces a hard, tenacious scale, has been con- 
verted by the reaction with the soda into calcium carbonate, Ca CO3, and 
sodium sulphate, Na2S04. The calcium carbonate is practically insoluble 
in the hot boiler water and is precipitated as a sludge, so that it can be 
readily removed by blowing off. The sodium sulphate remains in solution, 
and produces no scale except under excessive concentration. If soda is 
added to the water before it enters the boiler the same chemical reaction 
takes place as within the boiler, but the precipitated calcium carbonate 
may be removed by sedimentation or filtration, and oi ly the sodium sul- 
phate will be introduced into the boiler. The water in this last case is 
said to be softened, that is, the hardness due to the calcium sulphate 
has been eliminated. Whatever may be the process employed, the 
“ purified product usually contains an excess of alkaline salts and is far 
from being chemically pure. 

If the nature and the amount of all the impurities in the raw water are 
known (this can only be determined by a complete mineral analysis), the 
chemist is in a position to specify the kind and the amount of reagent 
necessary to effect certain results. As previously stated, the impurities 
are determined by the chemist as ions, and the amount of reagents to be 
added is usually calculated from the ion content by use of proper factors. 
Engineers, on the other hand, prefer to have the ions grouped as hypo- 
thetical compounds. Whatever may be the method of procedure, the 
results will be the same provided the h3pothetical compounds are properly 
grouped. Water analysis and purification is a highly specialized art and 
ordinarily beyond the province of the non-chemical engineer, but an idea 
of the method of procedure in calculating the weight of reagent necessary 
for a given chemical reaction may be gained from the following: 

The chemical changes which take place when hydrated Ume, Ca(OH)2, 
and soda ash, Na2C03, alone or in combination with each other, are added 
to water containing calcium sulphate, CaS04, magnesium sulphate, 
MgS04, calcium bicarbonate, Ca(HC08)2, or magnesium bicarbonate, 
Mg(HC08)2, may be expressed: 
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CaS04 + NajCOs = CaCOj + NajS04 

MgS04 + Ca(0H)2 + Na2C03 = Mg(OH)2 + CaCOs H- Na2S04 

Ca(HC08)2 + Ca(OH)2 - 2CaC03 + 2H2O. 

Mg(HC03)2 + 2Ca(OH)2 - Mg(OH)2 + 2CaC08 + 2H2O. 

From these reactions the amount of reagent to be added to raw 
may be calculated by considering the combining weights as follows: 

For soda ash and calcium sulphate 
CaS04: NaaCOa = lix, 

40 + 32 + 4(16) : 2(23) + 12 + 3(16) = 1: a;, 

X - 0.779, 

in which 

X = soda-ash factor or the ratio of the weight of soda ash required to 
the weight of calcium sulphate in the water. 

By similar calculations the factors for salts which require soda ash are 
found to be as in Table 77. 

The chemist usually calculates the weight of reagent directly from the 
ion content because the analysis is expressed in ions, but the results are 
practically the same as when calculated from hypothetical combinations. 
(Consult Analytical Control of Water Softening^ Univ. of 111. Bulletin, Vol. 
8, No. 23, pp. 88-148. Boiler Waters: Their Chemical Composition, Use 
and Treatment, Univ. of Tex. Bulletin, No. 1752.) 

While soda ash and lime are the most commonly used reagents for 
softening water because of their availability and cheapness, numerous 
other substances may effect the same result. 

Chemical Treatment of Feedwater: Power, July 6, 1926, p. 12. 

A Review of Feedwater Treatment: Mech. Engrg., Sept., 1927, p. 1009. 

Relaiion of Water Purification to Boiler Operation: Nat. Engr., Nov., 1920, p. 532. 

M4. BoUer Compounds. — When the reagents are added to the feed- 
water or introduced directly into the boiler and the reaction takes place 
within the boiler itself, the process is commonly designated as treatment 
by boiler compound. A great variety of substances have been employed 
for this internal treatment. Among them may be mentioned soda ash, 
lime, barium hydroxide, sodium silicate, sodium aluminate, tannin, dex- 
trine, trisodium phosphate, and the like. Many of the patented com- 
pounds are worthless and actually aggravate the trouble which they are 
supposed to remedy, but, taking all things into consideration, the use of a 
suitable compovmd is probably the least expensive form of feedwater 
treatment in moderate-sized plants where the water contains a smaU 
amount of scale-forming elements and where the rate of driving is not 


(232) 

(233) 

(234) 
(236) 

water 
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high. The ingredients in the compound should be based on the feed- 
water analysis, and under no circumstances should an unknown substance 
be introduced into the boiler. The most satisfactory compounds are 
those which not only effect a precipitation of the scale-forming ions through 
chemical action but also render the precipitated matter non-adherent by 
mechanical action. Sodium aluminate, tannates in conjunction with lime 
and soda, and sodium silicate produce such results in waters suitable for 
this treatment. The Navy Standard Boiler Compound ’Ms a well- 
known example of this class of reagent and is composed of 76 per cent 
anhydrous sodium carbonate, 10 per cent trisodium phosphate, 1 per cent 
dextrine or starch, and sufficient cutch to yield at least 2 per cent of tannic 
acid, the balance being water. Sodium aluminate alone has given excel- 
lent results with water from the Great Lakes and the rivers of the Mississ- 
ippi Valley. 


TABLE 77 

FACTORS FOR USE WITH HYPOTHETICAL COMBINATIONS 



Factor 

Salt 



Hydrated 

Lime 

Ca(OH )2 

Soda Ash 
Na2C03 

Lump Lime 
CaO 

Calcium chloride, CaCL 

0 055 



Calcium sulphate, CaS 04 

Calcium carbonate, CaCOa 

0 779 

HI 

0 740 

Calcium bicarbonate, Ca(HC 03)2 

Magnesium chloride, MgCL 

Magnesium sulphate, MgS04 

Magnesium carbonate, MgCOa 



0 467 

1.113 


0.778 

0.881 

■ 1 ^ 

0.616 


1 330 

1.757 

Magnesium bicarbonate. Mg (HCOa)^ 

Sodium carbonate, NaaCOa • 


0 767 

1.014 


0 529 

0 699 


Weight of salt X factor = theoretical weight ofreagent necessary to eliminate this 
salt as a scaling constituent. 

Parts per million X 0.00833 = I lb. per 1000 gal. 

Grains per U. S. gallon 7 = 1 lb. per 1000 gal. 


Boiler compounds are available in liquid, powdered, or solid form and 
are introduced into the boiler in various ways. The usual method is to 
snuff the solution through the injector, feed it to the suction side of the 
boiler pump by means of a sight-feed lubricator, or pump it from an 
independent reservoir. 

The chief objection to treatment with boiler compound is the accumula- 
tion of the scale-forming substances within the boiler itself. This necessi- 
tates more frequent blowing off and greater supervision than with outside 
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treatment. The tendency in the modem plant is to do away with the 
use of substances within the boiler for reacting chemically with impurities 
or aiding mechanically in their elimination. 

Interior Treatment of Boiler Waters: N.E.L.A. Report No. 278-81, Aug., 1928. 

, Treating Boiler Scale with Kerosene: Power Plant Engrg., Mar. 1, 1918, p. 212. 

The Sphere of Boiler Compound: Power, Aug. 24, 1926, p. 279. 

245* Water-softening and Purifying Plants. — Chemical treatment of 
feedwater outside the boiler is effected in water-softening or purify- 
ing plants. The term water softener ’’ is ordinarily applied to systems 
in which the temporary and permanent hardnesses are reduced to a negli- 
gible point, and the term “ purifying plants to systems in which some 
particular impurity or impurities are neutralized or completely removed. 
In boiler practice the two terms are used synonymously and are applied 
to all systems of water treatment outside the boiler. Water-softening 
plants are of two basic types, precipitation and zeolite. In the former, 
the reagents are added to the raw water and thoroughly mixed, and the 
precipitated impurities are removed by sedimentation or filtration. In 
the latter, chemical action takes place as the raw water gravitates or is 
forced through a layer of material known as zeolite, which possesses the 
property of exchanging sodium for calcium and magnesium. Precipita- 
tion plants include two types of cold processes: the continuous, in which 
the water flows to the softener in a continuous stream; and the inter- 
mittent, in which the water is treated in batches. Where the chemicals 
are lime or lime and soda, as is usually the case, the plants are sometimes 
designated as a lime or a lime-soda plant. The cold-process plant is 
used chiefly in softening water for locomotives and in large plants where 
space requirements are not restricted. The hot process is commonly used 
in plants where exhaust steam is available for heating the water. As 
chemical reactions are greatly accelerated by heat, the hot-process plant 
requires less space, lighter foundations, less housing, less piping and fewer 
fittings than the cold-process plant, and the scale-forming matter is more 
completely removed and in considerably less time. 

The essential elements of the intermittent plant are (1) the chemical 
or mixing vat for mixing and dissolving the chemicals, (2) two or more 
reaction or solution tanks equipped with stirring devices for mixing the 
raw water and chemicals, and (3) a filter. The essentials of the con- 
tinuous plant are (1) the chemical or mixing vat, (2) the proportioning 
device for maintaining the correct ratio of chemicals to water, (3) the 
mixing or solution tank for mixing and agitating the water and chemicals, 
(4) the precipitation or settling tank for sedimentation and (5) the filters 
for removing any suspended matter which may be carried over from the 
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settling tank. In either case successful treatment requires a correct ratio 
of water and reagent, thorough mixing and agitation of both, sufficient 
time for the completion of the chemical reaction, and complete clarification 
by sedimentation and filtration. The intermittent and continuous lime- 
soda processes reduce the hardness of water to an average of about 4 to 5 
grains per gallon. Table 78 gives the effect of soda-lime treatment in a 
specific case. 

Figure 382 gives a section through a Sorge-Cochrane hot process 
softener illustrating the continuous hot-process type. An open heater, 



with an oil separator attached for eliminating the greater part of the oil 
entrained with the exhaust steam, is mounted directly over a chamber 
in which chemical reaction and sedimentation take place. The raw water 
is fed into the heater and its temperature is raised to that of the steam. 
A considerable portion of the dissolved gases is eliminated by this process. 
The heated water is then mixed with the reagent and falls directly into the 
sedimentation tank. The precipitated matter is deposited in the conical 
bottom of the sedimentation chamber, from which it can be washed by the 
opening of a single valve. In order to eliminate convection currents, the 
hot water and the softening reagents are delivered at the top and travel 
slowly to the bottom, from which the clarified water is drawn off by an 
inverted funnel. The removal of scale-forming matter at high tempera^ 
tures by sedipaentation is so effective that, for many waters and plant 
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conditions, filtering may be dispensed with. Other conditions demand 
the use of filters, and in this case a low-pressure sand filter is placed between 
the sedimentation tank and the boiler-feed pump, the water flowing 
through the filter by gravity. Modifications of the Sorge-Cochrane 
softener permit of automatic treatment of part of the water and heating 
only of the rest, as for example in surface-condenser practice when the 
condensate is to be heated and the raw makeup water is to be both heated 
and treated. The hot process reduces the hardness of water to about 3 
grains per gallon. 


TABLE 78 

EFFECT OF SODA-LIME TREATMENT AND FILTRATION 
Niagara River — Buffalo, N. Y. 


Raw 

Grains 
per U.S. 
Gal. 

f 

Treated 

Grains 
per U.S. 
Gal. 

Volatile and organic matter . . . 

trace 

Volatile and organic matter 

trace 

Silica 

1.85 

Silica 

0.15 

Oxides of iron and alumina . 

trace 

Oxides of iron and alumina 

trace 

Calcium carbonate 

2.20 

Calcium carbonate 

1.25 

Calcium sulphate 

2.11 

Magnesium hydrate 

0.25 

Magnesium carbonate 

0 48 

Sodium sulphate 

2.21 

Magnesium chloride 

0.05 

Sodium chloride 

0.80 

Magnesium nitrate 

1.16 

Sodium nitrate 

1.31 

Sodium chloride 

0 76 


Total solids 

8.61 

Total solids 

5.97 

Suspended matter 

0.10 


Free carbonic acid 

Incrusting substances 

1.43 

7.85 

Incrusting substances 

1.65 


Cost of treatment, 0.8 cent per 1000 gallons. 

Zeolite water softeners have been in use for several years in laundries, 
dye establishments, and other industries, but only to a limited extent in 
boiler plants. Recently, however, the value of this class of softener for 
treating feedwater has been demonstrated and a great number of plants 
have put it in service. Zeolites are insoluble hydrous silicates which have 
the property of exchanging their sodium content for the calcium and 
magnesium in the water. The exchange does not cease until the sodium 
is used up, after which the zeolites may be restored to their original effi- 
ciency by being soaked in common brine. One of the best known zeolites 
is marketed under the trade name of Pennutit and is produced from clay, 
feldspar, soda ash, and pearl ash. Its composition may be expressed 
empirically as 2 Si02, AlgOa, NaaO, 6 H 2 O. Denoting the Permutit radical 
by the sjnnbol Pe, the softening of water takes place in accordance with the 
Mowing equations: 
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Na^Pe + Ca(HC08)2 = CaPe + 2 NaHCOa 
Na^Pe + CaSOi = CaPe + Na^S04 
NaaPc + Mg(HC08)2 = MgPe + Na2HC04 
Na^Pe + MgS04 = MgPe + Na^S04 

From the reactions it will be seen that the temporary hardness due to 
magnesium and calcium bicarbonates is removed with the formation of 
sodium bicarbonate, and the permanent hardnes.: is removed with the 
formation of sodium sulphate. 

Figure 383 shows a side elevation and sectional end elevation of a 
typical Permutit softening plant. It will be seen that the raw water is 
delivered to the top of a closed tank and is caused to percolate successively 
through a layer of crushed marble, Permutit. and gravel. This filtration 
effects the necessary purification, and the water leaving the system is of 
zero hardAess, but rich in sodium salts. When the exchange limit is 
reached, salt water is passed through the zeolite bed and sodium replaces 
the impurities, which are discharged to the sewer. There is no loss of 
zeolite material except perhaps that due to attrition. 

The advantages and disadvantages of the zeolite oystem have been 
summarized by S. T. Powell, as follows: 

Advantages: 

1. Treated water from zeolite softeners contains less calcium and magnesium than 
from any other method with the exception of evaporators. 

2. The process requires less attention than any in which chemicals are used. 

3. Less space is required to house the apparatus than for a chemical softener. 

4. No repumping of water is required. 

5. No disposal of sludge is required. 

6. Zeolite softening materials will operate with varying hardness of water without 
changes in methods of operation. 

7. Salt, the only agent required for regeneration, is always obtainable and at a 
reasonable price. 

8. There is less depreciation than with other types of softeners. 

9. No danger exists from deposits of chemicals after treatment. 

10. Simplicity of control is fundamental in the method. 

Disadvantages: 

1. Much higher concentration of soda results than from the lime and soda process. 

2. A loss of zeolite material is caused by attrition. 

3. The method is not applicable to waters of high hardness, because of the rapid 
concentration of soda and the high first cost in comparison with lime and soda treatment. 

4. It cannot be operated with turbid waters, but must be used in conjunction with 
filters if the raw water supply contains suspended matter. 

5. It cannot be used to soften waters high in iron or manganese unless the water is 
first treated to remove these constituents. 



Zbem Sdftene 



FEEDWATER TREATMENT, HEATERS, EVAPORATORS 579 


6. The method is not applicable to the softening of waters which contain acids unless 
the acid is first neutralized. 

Treatment of Feedwater: 1926 Report, No. 256-71, Com. on Pririie Movers, N.E.L.A. 

Softening Boiler-Feedwater with Zeolites: Power, -Aug. 17, 1926, p. 236. 

The Relative Merits of lAnie-sod^ and Zeolite Water Softening: Jour. Am. Wat. Wks. 
Assoc., Vol. 10, No. 4, July, 1923. 

!846. Protective Coatings. — Various coatings hi've been applied inter- 
nally and externally for the purpose of protecting the metal surface from 
corrosion, and internally only to prevent the adhesion of scale. Graphite, 
graphite and oil, various organic compo’mds, galvanizing and carbon 
paint, have been used for internal surfacing with diversified results. 
Some plants report that the treatment gave satisfactory results, others 
that the benefits derived were too short-lived for practical considerations, 
and a few that the ill effects arising from the use of protective coatings 
more than offset any noticeable benefit. The application of any coating 
over a surface which has already become scaled, in the hope of rotting 
the scale, is not recommended, because the loosened material may lodge 
in a tube and cause blistering or even failure. Some i )atings are greater 
heat insulators than the scale which they are intended to displace. Inter- 
nal and external corrosion and scale formation may be prevented by proper 
feedwater treatment and plant operation, as is evidenced by the per^- 
formance of many of our modern plants where special attention has been 
given to the elimination of these troubles. 

Distillation. (See paragraph 260.) 

247. Degasifleation. — Internal corrosion due to the presence of dis- 
solved gases in the feedwater may be entirely eliminated by removing the 
gases from the water before it is fed into the economizer or boiler. There 
are two distinct processes for effecting this result: (1) deaeration, or the 
liberation of the gases by boiling the water and the subsequent withdrawal 
of the gases by suitable means, and (2) deactivation, or the absorption of 
the gases by some chemical reagent, such as iron turnings. There are 
several makes of deaerators and deactivators on the market. Among the 
former may be mentioned the Elliott ** Contraflo ” and Cochrane, and 
among the latter the Speller. 

Where there is suflScient exhaust steam to heat the feedwater to 212 
deg. fahr., an open heater, with large tray surface or efficient spray nozzles, 
vented to the vacuum pump or ejector, is capable of reducing the gas 
content to approximately 0.5 cc. per liter. Where the temperature of 
the feedwater is less than 210-212 deg. fahr., the water is run into a closed 
tank, where it is sprayed, or otherwise broken up by spilling over pans, 
under a vacuum somewhat below that corresponding to the boiling point 
of the water at its intake temperature. The entrance of the water into 
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the vacuum chamber causes some of it to flash into vapor (explosive boil- 
ing), and the vapor, in its violent formation throughout the mass of water, 
carries with it practically all the dissolved gases. This process of explo- 
sive boiling is not necessarily limited to low feed temperatures; in fact, 
the higher the initial temperature, the better will be the gas elimination. 
When operating with an open-heater temperature of 210 deg. fahr. and a 
separator temperature of 188 deg., the Elliott deaerator is guaranteed to 
remove all but 0.02 cc. of gas per liter. 



Deaerator (Elliott). tion Plant. 

In the commercial type of deactivator, the water to be treated is heated 
as high as possible under the plant conditions, and then run into a closed 
tank filled with iron turnings or thin perforated plates of any rapid de- 
activating material, which absorb the oxygen or other free corrosive gases. 
The higher the temperature, the more rapid is the action of the deactiva- 
ting material and the smaller can be the apparatus for a given output. 

Where the feed temperature is below 200 deg. fahr., and practically 
complete elimination of both corrosive and other non-condensable gases 
is desired, a combination of deaerator and deactivator is frequently 
employed. Figure 385 gives a diagrammatic layout of a combination as 
designed by the Anti-corrosion Engrg. Corporation. This includes an 
ordinary vertical open heater from which the water is passed into a tank 
at lower pressure, but not so low as to boil the water, so that no condenser 
is required. 

The Degdsificatim of Boiler Feedwater: J. R. McDermet, Trans. A.S.M.E., Vol. 
44 , 1922; Prime Movers Committee, N.E.L.A., 1923, Report, Part B, p. 171. 

Fidd Method for Determining Dissolved Oxygen: Power, Deo. 11, 1923, p. 930. 
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248. Economy of Preheating Feedwater. -- Although a feedwater heater 
acts to some extent as a purifier, its primary function is that of heating 
the water. Since the heat content of live steam ranges from 1100 to 1300 
B.t.u. per lb. above 32 deg. fahr., 1 per cent less heat is required to evapo- 
rate the feedwater into steam for every 11 to 13 deg. that the water is 
heated. The decrease in fuel consumption, or saving in fuel, due to heat- 
ing the feedwater will v^ary with the overall efficiency of the boiler unit. 
Ordinarily, the temperature of the feedwater does not appreciably affect 
the overall efficiency, but with some types of boilers, changes in temperature 
reduce or increase the rate of heat transfer and hence the efficiency. 

If H represents the heat content of the boiler steam above 32 deg. fahr., 
to and t the initial and final temperature of the feedwater, respectively, e 
the overall efficiency of the boiler unit, then S, the per cent saving in fuel 
due to preheating, may be expressed 

Example 60. — Steam pressure, 200 lb. gage; superheat, 100 deg. fahr.; 
initial and final temperature of feedwater, 80 and 210 deg. fahr. respec- 
tively; boiler efficiencjy 75 per cent. 

Required saving in fuel due to heating the feedwater. 

Solution. — Here H (from steam tables) is 1259, U = 80, t = 210, 
e = 0.75. 


S = 


(210 - 80) 0.75 
1259 - (80 - 32) 


= 8.0 per cent. 


Table 79 based upon equation (236) for 100 per cent boiler efficiency, 
may be used as a guide in approximating savings due to preheating feed- 
water. 


249. Classification of Feedwater Heaters. — Feedwater heaters may be 
classified according to the source of heat, as 


Class 

1. ExhaustHsteam 

2. Bleeder 

3. Jet 

4. Gland 

5. Flue-gas 

6. Live-steam 


Source of heat 

Exhaust from engines, turbines, etc. 

Steam bled from intermediate stages of 
turbines and engines. 

Exhaust steam for condenser air ejectors. 
Steam used for sealing glands. 

Flue gases and waste-heat gases. ♦ 
Steam which has not been partially con- 
verted to work. 
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Or, according to the method of heat transmission 

Clctss dhod 

1. Open Direct contact of steam and water. 

2. Closed * Steam and water separated by metal walls. 

TABLE 79 

PERCENTAGE OP SAVING FOR EACH DEGREE OF INCREASE IN TEMPERATURE OP 

FEEDWATER 

(Based on Marks & Davis Steam Tables) 



Multiply the factor in the table corresponding to any given initial temperature of feedwater and boiler 
pressure by the total rise in feedwater temperature; the product will be the percentage of saving. 


Heaters may also be classified according to the pressure of the heating 
steam, as 

1. Vacuum, or primary, in which the pressure is less than atmospheric, 
as, for example, the exhaust from condensing units and steam bled from the 
lower stages of a steam turbine. Vacuum heaters are usually of the closed 
type imless the jet condenser of the house turbine is classed as a heater. 

Atmospheric, or secondary, in which the pressure is atmospheric or, 
literally, that corresponding to the back pressure on the engines and 
pumps. 
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3. Pressure, in which the pressure is above atmospheric. 

Heaters may be still further classified as 

a. Induced, in which only such steam is admitted as is induced by its 
condensation. That is, the feedwater condenses the steam. This creates 
a partial vacuum whic^h draws in more steam. 

b. Through, in which all the steam is forced through the heater irre- 
spective of condensation. 

While all feedwater licniters, condensers, and coolers are heat exchangers, 
the term heat exchanger without qualification is ordinarily applied to 
small auxiliary appli- 
ances where heat is 
transferred from one 
liquid to another. 

^850. Open Heaters. — 

Figure 386 gives a 
sectional view of a 
Cochrane special feed 
heater and receiver and 
is a typical example of 
an open heater. Ex- 
haust steam enters the 
heater through a fluted 
oil separator as indi- 
cated, and passes out 
at the top, while the 
oily drips are automat- 
ically drained to waste 
by a suitable ventilated 
float. The feedwater 
enters through an auto- 
matic valve and is 
distributed over a series 
of copper trays so ar- 
ranged and constructed 
that the water is forced 
to fall in a finely divided stream before reaching the reservoir in the 
bottom. The steam coming in contact with the water particles gives 
up latent heat and condenses. Some of the scale-forming element is 
deposited on the surface of the trays, from which it may be removed. 
The suspended matter is eliminated by a, coke filter in the bottom of 
the chamber, and the floating impurities are decanted by a skimmer 
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OP overflow weir. The particular heater shown in the illustration is 
especially designed for use in a steam-heating plant; i. e., besides per- 
forming all the functions of an open heater, it provides for the recep- 
tion and heating of the condensation returned to it from the heating 
system. 

Figure 387 shows a section through a Hoppes open heater, illustrating 
the pan type. Exhaust steam enters at H, passes through oil filter 
0, and completely surrounds pans T, T. The feedwater enters at B, and 



Fig. 387. Typical Open Heater, Horizontal. (Hoppes.) 


the rate of flow is regulated by valve F, which is controlled by a suitable 
float in the lower part of the chamber. The water, in flowing over the 
sides and bottoms of the pans, comes into direct contact with the steam. 

251. Combined Open Heater and Chemical Purifier. — Combined feed- 
water heaters and chemical purifiers are finding increased favor with 
some engineers in districts where the feedwater is particularly bad and 
space limitations preclude the use of water-softening plants. When 
properly proportioned, the purification is highly satisfactory, but as a 
general rule the equipment is too small and sufficient time is not given for 
efficient purification. 

252. Heat Exchange in Open Heaters. — The various factors entering 
into the heat exchange between the steam and water in an open heater 
may be correlated as follows: 

Let Hj Qo and q represent, respectively, the heat content per lb. of 
steam, inlet water and outlet water, B.t.u.; U and t the initial and final 
temperature of the water,''deg. fahr.; and Wi and W 2 the weight of steam 
condensed and water heated, lb. per hr. 
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Then, TVi (if — g) = heat given up by the steam, and W 2 (g — go) = 
heat absorbed by the water. 

Therefore, neglecting losses, 

Tfi (// - g) = W2 (q - go) 
which for all practical purposes may be v/ritten 

Wi{H -t + 32) = F 2 - to) (237) 

This equation is applicable to all phases of open or contact heater prac- 
tice. Attention is called to the fact that the maximum value of t can 
never exceed that of the steam used for heading. 

Example 61. — A 1000-hp. non-condensing uniflow engine used 24.5 lb. 
of saturated steam per i.hp-hr.; initial pressure 150 lb. abs.; back pres- 
sure 0 lb. gage; temperature of water supply 62 deg. fahr. Required the 
percentage of the engine steam supply which must be used for heating the 
feedwater to the maximum obtainable. 

Solution. — The maximum temperature possible with steam at atmos- 
pheric pressure is 212 deg. fahr.; i. e., t = 212. H may be calculated 
from equation (146) assuming a loss of 1 per cent, thus 

H = 1193.4 - 0.01 X 1193.4 - 2547/24.5 = 1077.5 

In open-heater practice the total weight of hot water available is that 
of the condensate plus that of the cold water supplied. The total weight 
required in this problem, assuming no losses, is 24.5 X 1000 = 24,500 lb. 
per hr. ; therefore, W 2 , the weight of cold water to be supplied = 24,500 
— TVi. Substituting W 2 = 24,500 — TVi, H = 1077.5, t = 212, and h 
= 62 in equation (237) and solving for W\ we have 

Wi (1077.5 - 212 + 32) = (24,500 - Wi) (212 - 62) 

from which 

Wi = 3515, approximately, 

and 

TVi/24,500 = 3500/24,500 = 0.143 or 14.3 per cent. 

Example 62. — 20,000 lb. of steam per hr. are bled from the 17 lb. per sq. 
in. abs. stage of a steam turbine to an open heater. If the turbine water 
rate is 21 lb. per kw-hr. at the 17 lb. stage, required the temperature to 
which the feedwater can be heated if the tolal weight of feedwater is 

800.000 lb. per hr. Initial pressure 300 lb. abs., superheat 200 deg. fahr., 
temperature of condensate 92 deg. fahr. 

Solution. — TV 2 , the weight of condensate to be heated, = 300,000 — 

20.000 = 280,000 lb. per hr. 

From equation (146), assuming the turbine and generator efficiency 
to be 95 per cent, 

H = 1319 - 3415/(21 X 0.95) = 1148. 
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Substituting H = 1148, = 92 and W 2 = 280,000 in equation (237) 

and solving for t we have 

20,000 (1148 - i + 32) = 280,000 {t - 92) 
t = 165 deg. fahr., approximately. 

253. Pan Surface Required in Open Feedwater Heaters. — Pan or tray 
surface required varies according to the quality of the water with regard 
to both scale-making material and mud, but may be approximated by the 
formula 

T, . Pounds of water heated per hour 

Pan surface, sq. ft. = (238) 

c 



Vertical Type 

Horizontal 

Type 

For very muddy water, c 

118 

110 

Slightly muddy water, c 

166 

155 

For clean water, c 

500 

400 


254. Size of Sheil, Open Heaters. — General proportions of open 
heaters vary considerably on account of the different arrangements of 
pans or trays, filters, and oil-extracting devices. A fair idea of the size 
of shell required may be obtained by the fonnulas 


Area of shell = 


Length of shell = 


horsepower 
a X length in feet 
horsepower 


(239) 


a X area in square feet 
a = 2.15 for very muddy water, 
a = 6 for slightly muddy water, 
a = 8 for clean water. 


(240) 


The horsepower in this case is obtained by dividing the weight of water 
heated per hour by the steam consumption of the engine per horsepower 
per hour. 

Pans containing 2.5 sq. ft. and less are usually made roun(i, and larger 
sizes rectangular in plan. When circumstances will permit, it is better to 
have not more than six pans in any one tier, since it is advisable to pro- 
portion the pans so as to obtain as low a velocity over each as practicable. 

Distance between trays or pans is seldom less than one-tenth the width 
for rectangular, and one-fourth the diameter for round pans. Volume 
of storage and settling chamber in horizontal heaters varies from 0.25 for 
good quality of water to 0.4 of the volume of the shell for muddy water, 
0.33 being about the average. In the vertical type, the settling chambef 
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represents respectively 0.4 and 0.6 the volume of the shell with clear and 
muddy water. Filters occupy from 10 to 15 per cent of the volume of the 
shell in the horizontal type and from 15 to 20 per cent in the vertical 
type, the smaller percentage corresponding to clear water and the larger 
to muddy water or water containing a considerable quantity of impurities. 

255. Closed Heaters. — Closed steam heaters bear the same relation- 
ship to open heaters as do surface condensers to jet condensers; in fact, 
all steam heaters are condensers. In all surface condensers, except those 
of the water-works type, the cooling water passes through the tubes and 
the steam passes across or around the tubes, while in the majority of 
closed water heaters the reverse is true. In surface condensers, the tubes 
are invariably straight; but in closed heaters, because of the higher tem- 
peratures, the tubes are frequently bent, coilt'd, or corrugated to provide 
for the excessive expansion. Closed heaters operate with either parallel 
or counterflow, and the water passes directly through a single nest of 
tubes (single flow) or back and forth through a scries of nests (multi-flow). 
Occasionally, where scale-free water is available, the water is forced across 
the heating surface in a thin sheet or film (film heaters)* 

Figure 388 shows a section through a multi-flow straight-tube closed 
heater illustrating the type most commonly found in power plant practice. 



The heads are of cast iron and the shell of cast iron or sheet steel. The 
tubes are rolled into a fixed head at the inlet end and into a loose or float- 
ing head at the other end, thus providing for contraction or expansion. 
Removable covers afford easy access to the tubes without breaking steam 
or water connections. Condensate is removed from the bottom of the 
steam chamber by a suitable drip. Both the fixed and floating heads 
are baffled so as to cause the water to pass back and forth through different 
nests of tubes. This increase of length of water travel permits of higher 
velocity of flow with corresponding increase in rate of heat transmission. 
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Fig. 389. Typical U-tube Closed 
Heater. (Berryman Type.) 


Fig. 390. Typical Multi-tube Coiled 
Closed Heater. (Reilly.) 



Pig. 391. Typical Coil Heater. 
(National.) 


Steam Steam 
Inlot Outlet 




Fig. 392. Typical Steam-tube 
Feedwater Heater. (Otis.) 
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Figure 389 shows a section through a closed heater in which expansion 
is absorbed by bending the tubes as indicated. In Fig. 390 and Fig. 391 
the tubes are coiled, giving a long water travel and at the same time 
providing for expansion. 

Steam-tube heaters are sometimes employed because the scale adheres 
to the outside of the tubes instead of the inner surfaces. Where the scale 
is of such a nature that it can be readily loosened by any simple treatment, 
the accumulation can be easily removed by washing through the various 
openings installed for this purpose. Figure 392 shows a section through 
a heater of this type. 

The heating element in a film heater consists usually of two spirally 
corrugated tubes, one within the other, the water path being the small 
annular clearances between the two. Thus the water is directed in a 
spiral path due to the corrugations, and for a given velocity the particles 
of water come more often in contact with the heating surface than in 
plain tubes, because they are contained within an annular space whose 
perimeter is large in comparison with its area. This type of heater, 
though highly efficient in heat transmission, necessitates the use of com- 
paratively pure water and is not commonly used for heating raw water. 

356. Heat Transmission in Closed Heaters. — Since the closed heater 
is practically the same in principle as a surface condenser, the laws of 
heat transmission are practically identical in both cases, at least for 
maximum water temperatures under 180 deg. fahr. Above this tempera- 
ture, the occluded gases appear to have a marked influence on the amount 
of heat transferred. (Consult The Laws of Heat Transfer,^^ Engrg., 
Vol. 116, July 6 to Aug. 24, 1923.) Because of the liberal factors allowed 
in practice, it is sufficiently accurate for most engineering designs to as- 
sume that the fundamental laws for water heaters and condensers are the 
same. Increasing the velocity of the fluid which is to be heated in passing 
through the heater increases the rate of heat transmission and thereby 
renders the heating surface more effective. In order to employ moder- 
ately high velocities and at the same time allow sufficient time in which to 
raise the temperature to a maximum, the passages through the heater 
should be as long as practicable and of small cross-sectional area. Other 
things being equal, a heater containing a large number of passages of 
small cross-sectional area is more efficient than one containing a small 
number of large passages. It is important to proportion the heater 
according to the amount of fluid to be heated and the maximum tempera- 
ture to which the fluid must be raised. In designing a heater, then, the 
maximum temperature to which the fluid is to be raised and the coeffi- 
cient of heat transfer are assumed and the amount of heating surface is 
calculated from equation (241) or (242). 



690 


STEAM POWER PLANT ENGINEERING 


Although recent experiment shows that the amount of heat transmitted 
through the heating surface is proportional to some power of the mean 
temperature difference, the value of the exponent is not far from unity 
(0.8 to 0.9) and it may be safely taken as such, particularly in view of the 
liberal factor allowed in the assumed value of the coefficient of heat trans- 
fer, U- With this assumption, the extent of heating surface may be 
calculated from the following modification of equation (209). 

S = cw{k- to) Ud (241) 


in which 

S = total tube heating surface, sq. ft., 

c = mean specific heat of the fluid to be heated; for water this may be 
taken as 1.0, 

w = weight of fluid heated per hr., lb., 

fe = final temperature of the fluid, deg. fahr., 

to = initial temperature of the fluid, deg. fahr., 

U = mean coefficient of heat transfer for the entire surface, B.t.u. per 
sq. ft. per deg. difference in temperature per hr., 
d = mean temperature difference between the steam and that of the 
fluid to be heated. 

For ordinary practice, where the various influencing factors are not well 
established, it is sufficiently accurate to take the arithmetic mean as given 
in equation (219). Heater manufacturers, however, usually base their 
calculation on the logarithmic mean as given in equation (218). 

Substituting the logarithmic value of d in equation (241) and reducing 
we have 

For a given extent of heating surface S, the temperature difference 
between that of the steam and the feedwater leaving the heater may be 
calculated by solving equation (242) for tg — fe, thus 

{t, - to) - {to - fe) = ^ (243) 


in which 

e = base of the Naperian logarithm 
= 2.718, 

n = SU/cw; for water n = SU/w. 

By taking different extents of area, S, and solving for the corresponding 
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values of — fe, the temperature gradient for a given heater may be 
obtained as illustrated in Fig. 393.^ 

From equation (241) it will be seen that the extent of heating surface 
depends upon the weight and specific heat o^ the fluid to be heated, the 
temperature of the steam, the desired final temperature of the fluid, and 
the value of coefficient of heat transfer, U, 

Since the extent of heating surfaces increases rapidly as approaches 
tsf and becomes infinity for fe = ^ 5 , it is desirable to limit k to some prac- 
tical figure. An average maximum of for feedwater heaters = — 4. 

The coefficient of heat transfer in tubular feedwater heaters varies 
within wide limits, depending upon the 
type of heater and the conditions of 
operation, and ranges from U = 150 
in steel tube heaters with low water 
velocities to 1000 or more in the 
film type of corrugated brass tube 
heaters with water velocity of 7 ft. per 
second. With superheated steam the 
amount of heat transferred through 
the tubes will be practically the same 

as with saturated steam, the pressure being the same in each case. This 
is due to the fact that the outer surface of the tube cannot rise under 
practical conditions above the saturation temperature of the steam, 
regardless of the amount of superheat. Therefore, the same value of U 
may be taken for both saturated and superheated steam, since the tem- 
perature difference between the circulating water and the outer surface 
of the tube will be the same in each case. (Consult “ Superheated Steam 
Used Directly in Closed Heaters, by B. C. Sprague, Powers Jan. 29, 
1924, p. 161.) In large central stations operating with highly super- 
heated steam, the exhaust from the steam-driven auxiliaries and from the 
high-pressure bleeding stage of the turbine is frequently superheated. In 
such installations the exhaust or bled steam is sometimes “ desuperheated ” 
before entering the heater. In practice a liberal factor is allowed for pos- 
sible heat reduction due to the presence of air and the accumulation of 
oil, scale, or other deposits on the tube surfaces. The “ average ” values 


Fig. 393. To ipcrature Gradient 
in Feedwater Heater Tube. 


^ For greater accuracy in predicting the temperature gradient, D. K. Dean (Indus, 
and Engrg. Chem., May, 1924, p. 483) offers the following modification of equation (242) 

a _ w , (ts — to) (t2 + a) 
b(ts-ta) (is - h) (to + a) ’ 


in which a and b are constants for a given design and set of operating conditions. 
Other notations as in equation (242). For the method of determining a and b consult 
the reference in question. 
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of V in Table 81 are very conservative, and a heater based upon these 
figures will operate with the predetermined high water temperatures for 
a long time without cleaning. With scale-free water and steam, and high 
water velocities, the higher values are frequently used. For steam coils 
submerged in water and from which the condensation is withdrawn as 
rapidly as it is formed, the value of 
U in Table 89 appears to give satis- 
factory results. 

For steam-air heaters, under prac- 
tically atmospheric conditions, the 
mean value of U for plain brass tubes 
varies from 1/2 to 25, depending 
primarily upon the initial condition 
of the steam and the velocity of the 
air through the passage, the lower 
value for steam at 27-in. vacuum and 
air velocity of 10 ft. per sec., and 
the higher value for steam at 100 lb. 
gage and air velocity of 30 ft. per 
sec. For extended surfaces, as in the 

U-fin construction. Fig. 380, the 
heat transfer is considerably higher 
than for plain tubes. 

For steam-oil heaters, the number 
of variables is so great that specific 
data must be had from the manufacturer. The values in Table 83 are 
for a specific type of heater and set of operating conditions and are of 
interest merely in showing the variation in the value of U with the velocity 
of the oil. 



Fig. 394. 
fer. 


Coefficient of Heat Trans- 
(P"or General Design.) 


Example 63. — The exhau’st from a 200-hp. single non-condensing engine 
is to be used for heating water in a closed heater. If the water rate of the 
engine is 30 lb. per i.hp-hr., initial pressure 115 lb. abs., dry steam at 
admission, required the amount of water which can be heated by the 
exhaust from an initial temperature of 58 deg. to a final temperature of 
208 deg. fahr., and the extent of heating surface necessary to effect this 
result, assuming V = 250. 

Solution. — From equation (146), assuming Hf = 0.01 Hi, we find 
H = 1188.8 - 2547/30 - 0.01 X 1188.8 = 1092 B.t.u. 

Substituting H = 1092, to = 58 and t = 208 in equation (237) and 
solving, 

200 X 30 (1092 - 208 + 32) = W 2 (208 - 58), 
from which W 2 = 36,640 lb. of water heated per hr. 
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Substituting W = Wi = 36,640, t, — 212, = 58, fe = 208 and U 

250 in equation (242) and solving, we have 


36,640 , 212 - 58 

250 ^°®‘212-208 


535 sq. ft. 


Example 64. — Detemine the length of 3/4 in. (O.D,), 1/16 in. thick 
brass tubes in a closed heater designed to heat water from 60 to 196 deg. 
fahr., steam temperature 212 deg. fahr., water velocity 2 ft. per sec., U 
= 400. 


Solution. — S = fl-df/12 = 3.14 di/12 = 0.197 1. 

I = water travel or total length of pass, 

^ _ 2 X 3600 X rfS ^ 7200 X 3.14 X (5/8)* X 62.4 
144 X 4 144 X 4 


Substituting these values in equation (241), 


From which 


0.197 I 


957 , 212 - 60 

400“®' 212 - 196 


I = 27.3 ft. approx. 


Example 66. — A 200-sq.-ft. closed heater is rated at 40,000 lb. of water 
per hour, initial temperature 60 deg. fahr., steam temperature 212 deg. 
fahr., U = 300. Required the final temperature of the water. 

Solution. — Here e = 2.718, S = 200, U = 300, w = 40,000, n = 
SU/w = 200 X 300/40,000 = 1.5, t, = 212, to = 60. Substituting these 
vidues in equation (^3) and solving, we have 

(212 - 60) ^ (212 - < 2 ) = 2.718‘ * 

U = 178.1 deg. fahr. 


TABLE 81 

HEAT TRANSMISSION IN CLOSED FEEDWATER HEATERS 
(Based on G>inmercial Designs) 


Type of Heater 

Coefficient of Heat Transfer, U 

Range 

Average* 

Single-flow, plain brass tubes 

150-. 500 

200 

Single-flow, corrugated brass tubes 

250- 600 

300 

Single-flow, steel tubes 

125- 250 

150 

Spiral coils, plain brass tubes 

250- 800 

350 

Multi-flow, plain brass tubes 

250- 800 

350 

Multi-flow, corrugated brass tubes 

350- 900 

400 

Plain brass tubes with retarders 

350-1000 

450 

Film heater with corrugated tubes 

500-1200 

600 


* Because of the many variables entmng into the problem of heat transfer, these values are of aoademio 
intereet only. Specific data should be had from the manufacturer. 
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TABLE 82 

HEAT TRANSPBB — STTBMEBaBD STEAM COILS 


Mean 

Temperature 

Difference 

Coefficient of H»at Transfer, U 

Iron 

Brass 

Copper 

60 

100 

200 

220 

100 

175 

275 

300 

150 

200 

375 

400 

200 

225 

450 

475 


TABLE 83 

HEAT TRANSFER — STEAM TO FUEL-OIL, J IN. 15 GAGE STEEL TUBES 


Velocity of Oil 

Ft. per Sec. 

u 

Velocity of Oil 

Ft. per Sec. 

u 

Velocity of Oil 

Ft. per Sec. 

U 

0.2 

20 

1 0 

100 

1.8 

143 

0.4 

55 

1 2 

112 

2 0 

153 

0.6 

71 

1.4 

123 

2.2 

162 

0.8 

86 

1.6 

133 

2 4 

172 


Econmnic Features of Ileal-exchanger Design: Mech. Engrg., Dec. ’24, p. 891. 

257. Open vs. Closed Heaters. — Open and closed heaters have their ' 
respective advantages, and a careful study of the various influencing 
conditions is necessary for an intelligent choice. The following parallel 
comparison brings out a few of the distinguishing features: 

Open Heater Closed Heater 

Efficiency 

The maximum temperature of the feed- 
water will always be 2 degrees or more 
lower than the temperature of the 
steam. 

Scale and oil deposit on the tubes and the 
heat transmission is lowered. 

Pressures 

It is not ordinarily subjected to much The water pressure is slightly greater than 
more than atmospheric pressure. that in the boiler when placed on the 

pressure side of the pump as is custom- 
ary*. 

Safety 

Sticking of the back pressure valve may It will safely withstand any pressure likely 
cause it to ^‘blow up ” if provision is to occur, 
not made for such an emergency. 


With sufficient exhaust steam for heating 
the feedwater may reach the same tem- 
perature as the steam. 

Scale and oil do not affect the heat trans- 
mission. 
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PurificcUion 


Sinoe the exhaust steam and feedwater 
mingle, provision must be made for 
removing the oil from the steam. 

Scale and other impurities precipitated in 
the heater are readily removed. 

Dissolved gases are removed if heater is 
properly ventilated. 


Oil does not come in contact with the feed- 
water. 

Scale is removed with difficulty. 

Does not remove dissolved gases, unless 
vented to lower pressures. 


Location 

Must always be placed above the pump May be placed anywhere on the pressure 
suction and on the suction side. side of the pump. 


Pumps 

With supply under suction, two pumps One cold-water pump is necessary, 
are necessary and one must handle hot 
water. 


Adaptahility 

Particularly adaptable for heating systems Vacuum or primary heaters are usually of 
where it is desired to pipe the ^^retums*’ this type, 
direct to heater. Adaptable to stage bleeding. 

258 . Arrangement of Heaters. — Figure 395 shows a typical installation 
of an open heater connected as a through heater. This arrangement 
was common in the older designs of non-condensing plants but has been 



practically superseded by the induced connection as shown in Fig, 
397. It is evident that all the- steam must pass through the heater. Now, 
1 lb. of exhaust steam in condensing gives up approximately 1000 B.t.u. 
Hence, if the initial temperature of the feedwater is 50 degrees and the 
final temperature 210, the engine furnishes 1000/(210 — 50) = 6.26, 
say, six times the quantity necessary for heating the feedwater to a maxi- 
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mum. Therefore, the area of the pipe supplying the heater with steam 
need be but one-sixth that of the main exhaust. With the heater con- 
nected as in Fig. 395, the connections must necessarily be the same size 
as the exhaust pipe. 

With this arrangement the heater cannot be cut out ” while the 
engine is in operation, and hence it is not adapted for plants working 
continuously. For the purpose of cutting out a heater 
while the plant is in operation, a through heater may be 
by-passed as in Fig. 396. Advantage may be taken here 
of the permissible reduction in the size pipes and 
fittings; i. e., valves, etc., at C and D need be but 
one-half the size of those at A. This reduction in size 
may prove to be a considerable item in large installa- 
tions. 

Figure 397 shows a typical installation of an ^^induced^' 
heater in a non-condensing plant, which is representative 
of current practice. In the arrangement in Fig. 397 the 
number of fittings is reduced to a minimum and tl ' heater may be 
readily cut out. Since induced heaters are apt to become air bound, 
a vapor pipe or vent connected to a trap is inserted in the top of the 
heater as shown. Figure 398 shows a typical installation of an open 



Pig. 396. By- 
passed Heater. 



Fig. 397. Typical Induced ” Heater. 


heater in a condensing plant, in which the exhaust from the auxiliaries 
is used for feedwater and house heating and the deficiency is made up 
by bleeding the turbine. 

Other arrangements of heaters will be found in connection with the 
discussion on the station heat balance, see paragraph 265. 

369. Live-steam Heaters and Purifiers. — The function of a live-steam 
beater and purifier receiving steam at boiler pressure is primarily that of 
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purification, live-steam heaters are seldom installed even though the feed- 
water contains scale-forming elements such as sulphates of lime and mag- 
nesia. These, as previously stated, are not entirely precipitated until a 



Fig. 398. Open Heater in a Condensing Plant. 


temperature of approximately 500 deg. fahr. is reached; hence no amount 
of heating with exhaust steam at atmospheric pressure will thoroughly 
purify feedwater containing these elements. If properly vented, all of the 

dissolved gases may 
be removed in this 
manner. 

Figure 399 shows a 
section through a 
Hoppes live-steam 
purifier. Since the 
purifier is subjected 
to full boiler pressure, 
the shell and heads 
are constructed of 
steel. Within the 
shell are a number 
of trough-shaped pans 
or trays placed one above another and supported on steel angle ways. 
Steam from the boiler enters the chamber at A and comes in contact with 
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the feedwater and condenses. The water on entering the heater at B is fed 
into the top pan and, overflowing the edges, follows the under side of the 
pan to the center and drops into the pan below. It flows over each suc- 
cessive pan in the same manner until it reaches the chamber at the bottom, 
whence it gravitates to the boiler through pipe C. As the steam inclosed 
in the shell comes in contact with the thin film of water, the solids held in 
solution are separated and adhere to the bottom of the pans in the same 
manner that stalactites form on the roofs of natural caves. Authentic 
tests show that live-steam heaters may increase the boiler efficiency to a 



Fig. 400. Typical Installation of a ‘‘Livensteam'* Purifier. 


slight' extent, but in most instances there is a slight loss due to the heat 
given off the heater shell to the surroundings. (See Power j Feb. 21, 1911, 
p. 295.) The purifier should be set in such a position as will bring the 
bottom of the shell 2 ft. or more above the water level of the boilers, as 
in Fig. 400. N is the feed pipe from pump to purifier and should be pro- 
vided with a check valve. D is the gravity pipe through which the puri- 
fied water flows to the boiler. This pipe should be carried below the water 
level of the boilers and all branch pipes should be taken off below the water 
line. Pipe L leads from top of pipe S to pump or other steam-using 
device. This is necessary in order that air and other non-condensable 
gases liberated from the water may be removed from the purifier, which 
would otherwise become air-bound. In the illustration, the feed pump 
takes its supply from an exhaust-steam heater C. The purifier is pro- 
vided with a suitable by-pass so that the water may be fed directly to the 
boiler when necessary. 
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Heaters receiving steam bled from the high-pressure stages of steam 
turbines are not classified as live-steam heaters. 

Distillation. — Sea water, which contains a high concentration of 
sodium compounds, cannot be purified by any practical chemical treat- 
ment, and the only means of removing the dissolved solids is by evapora- 
tion. For this reason marine steam plants are invariably equipped with 
distilling plants. Certain inland waters also contain a large percentage 
of sodium salts and evaporation is the only possible treatment. Properly 
deaerated distilled water is practically free from all impurities and permits 
of high rates of evaporation with minimum cost of upkeep, so that its use 
for feed purposes may be advisable even where raw water has a low sodium 
content. This is particularly true in the large central station with its 
heavy peak loads and high overall rate of driving. While distillation is 
productive of the purest water, it is not necessarily the most economical 
method of treatment, since the gain due to the use of pure distillate may 
be more than offset by the increased investment and operating cost of the 
evaporating plant. 

The most common method of obtaining distilled water is by means of 
evaporators using steam as a heating medium. The steam supplied may 
be at any pressure and temperature, provided the condenser or its equiva- 
lent receiving the vapor can maintain a pressure below that corresponding 
to the final temperature of the distillate. Evaporator systems may be 
classified as pressure systems, in which the steam is supplied under pres- 
sure considerably above atmospheric, and vacuum systems, in which the 
pressure is at or below atmospheric. Evaporators may be further classi- 
fied as low-heat-level, in which evaporation takes place at low temperature 
and corresponding pressure, and high-heat-level, in which evaporation 
takes place at high temperature and corresponding pressure. The low- 
heat-level evaporator usually exhausts to an open heater at a pressure a 
little above atmospheric, while the high-heat-level apparatus exhausts to 
a special heater or surface condenser through which the feedwater passes 
after leaving the main open heater so that the temperature of the vapor 
will be well above 212 deg. fahr., and at a pressure well above atmos- 
pheric. The evaporators of a low-heat-level distilling plant may be 
operated with boiler steam at full or reduced pressure or with auxiliary 
exhaust steam at a pressure as low as 2 lb. gage. If operated with 
low-pressure exhaust steam, the vapor produced will have to be main- 
tained at a vacuum. High-heat-level evaporators are usually operated 
on full boiler-steam pressure and the resulting high temperature vapor 
is condensed in a high-heat-level condensing system using boiler feed 
at approximately 210 deg. fahr. for cooling water. With this system 
the boiler feedwater reabsorbs all the heat given up in the evaporator 
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coils with the exception of the small amount lost through radiation and 
evaporator blow/’ 

Evaporators may also be classified according to the means of effecting 
evaporation, as flash t3rpe, in which the vapor flashes ” from a body of 
hot water injected into a chamber under a partial vacuum; film type, in 
which a thin film of water passes over the surface of tubes filled with steam, 
and submerged tube, in which heat is imparted to the raw water by 
conduction from submerged tubes filled with steam. 

If evaporation takes place in one stage the apparatus is designated as 
having a single-effect. A double-effect distilling plant is one in which 
the vapor from one evaporator, called the first effect, is condensed in the 
heating coil of another, called the second effect, the vapor from the latter 
being condensed in the usual way. In a triple-effect distilling plant the 
same process takes place in three stages; in a quadruple-effect plant there 
are four stages, and so on up to as high as twelve stages. In order that 
the heat may pass through the evaporator heating surface into the raw 
water, it is necessary to maintain a steam temperature higher than that of 
the water. Within the usual working limits the her^ transferred will 
increase directly with the temperature difference so that the greater the 
temperature difference the less heating surface will be required to produce 
a given amount of vapor. It will, therefore, be seen that a multiple- 
effect evaporating plant will produce no more distilled water than a 
single-effect evaporator of the same size as one of the multiple-effect units, 
provided initial steam pressures and final vapor pressures are the same in 
both cases; but the pounds of distillate obtained per lb. of steam will be 
increased as the number of effects increases. While exact figures vary 
considerably with* conditions, the distillate produced per lb. of steam 
averages about 0.8 lb., 1.5 lb., 2 lb. and 2.4 lb., for one, two, three and four 
effects, respectively. If the heat of the vapor were rejected to waste, the 
number of effects would be limited only by the investment costs, but the 
boiler feedwater can always absorb a certain amount of heat so the saving 
effected by the utilization of the heat rejected at the last stage must be 
taken into consideration. Ordinarily two effects are used, aside from any 
theoretical considerations, to provide needed flexibility and to permit 
operation when one effect is down for cleaning. 

Figure 401 shows a section through the evaporating chamber of an Elliott 
evaporator illustrating the general principles of the flash type. Raw 
water is heated in an ordinary exhaust-steam closed feedwater heater and 
discharged into the chamber over a series of baffles. In flowing over 
these baffles a large water surface is exposed. Part of the water is evapo- 
rated because the pressure in the chamber is maintained below the boiling 
point and the rest falls to the bottom. The water at the bottom, plus 
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whatever makeup is necessary to supply the evaporation, is pumped 
through the heater and then back again to the evaporating chamber. 
The baffles remove whatever moisture may be entrained with the vapor. 
The latter is discharged into the main condenser or to a special distiller 
condenser so that a vacuum is always maintained in the chamber. Dis- 



Fio. 401. Single-effect Flash 
Evaporator (Elliott), 


charging the vapor into the main condenser 
unit is very uneconomical from purely a heat 
standpoint because the heat content of the 
vapor above that of the main unit condensate 
is rejected to the circulating water. The im- 
purities in the raw water are blown off when 
a certain degree of concentration is reached. 
The amount of water evaporated is approxi- 
mately 1 per cent of that circulated for each 
ten degrees temperature depression. 

Example 66. — Raw water at a temperature 
of 208 deg. fahr. is pumped into the chamber 
of a flash-type evaporator in which a vacuum 
of 24 in. (referred to 30-in. barometer) is 


maintained. What percentage of the water circulated is flashed into 


vapor. 


Solution. — Temperature corresponding to 24-in. vacuum is 141 deg. 
fahr. Heat given up by each lb. of water due to temperature drop is 
208 — 141 = 67 B.t.u. Latent heat of steam at 141 deg. fahr. is 1012.6 
B.t.u. per lb. Therefore, the weight of water evaporated per lb. of cir- 
culating water will be 67 1012.6 = 0.066, or 6.6 per cent, correspond- 

ing to approximately one per cent for each 10 deg. temperature drop. 
Since the latent heat does not vary much with the temperature or pres- 
sures at pressures below atmospheric the same temperature depression 
would produce practically the same percentage of flash irrespective of the 
actual initial temperature. 

In the majority of evaporating plants the heating of the raw water is 
carried on in the evaporating chamber and not in a separate heater. 
Figure 402 shows a section through a Lillie evaporator illustrating the 
film type of construction. The evaporating chamber is partially filled 
with a nest of steam tubes which constitute the heating elements. Raw 
water, the level of which is maintained below the lowest row of tubes so 
that they are at no time submerged, is taken up by a centrifugal pump 
from the “ pump well,’' discharged into the top of the shell and distributed 
over a perforated spray plate. From this plate it falls down over the tubes 
in a thin film, part of it flashes into vapor and the rest drops to the bottom 
of the chamber. The water in the pump well plus the required makeup 
is circulated over and over again. Condensate from the steam tubes is 
pure distilled water (provided the steam used for heating is free from 
unpurities), and may be used as part of the feed supply. 

figure 403 shows a section through a Reilly evap^tor illustrating the 
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Fig. 403. Submerged-tube Type Evaporator. (Reilly.) 
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submerged-tube type. The heating element is composed of a series of 
helical coils connected to suitable manifold headers and completely sub- 
merged in the raw water. Steam enters the vapor manifold, passes 
downward through the coils to the lower manifolds, condenses, and is 
discharged as condensate from the coil drain. Raw water is fed into the 
chamber near the bottom of the shell at such a rate as to maintain a 
constant level. The vapor boiled off passes to the condenser in the usual 
manner. 

Example 67. — Calculate the amount of raw water evaporated per lb. 
of steam supplied in a (1) single-effect; (2) double-effect and (3) triple- 
effect evaporator of the submerged-tube typo if the conditions are as fol- 
lows; Pressure of supply steam, 17 lb. abs., vacuum in last effect 25.92 in. 
(referred to 29.92 barometer) ; temp, of raw water, 50 deg. fahr. Neglect 
iJl losses. 

Solution. — {Single-effect, Fig. 404.) 

From steam tables, we find 

Steam Supplied Vapor Discharged 

Pressure, lb. per sq. in. abs 17 4 (in. of mercury) 

Corresponding temperature, deg. fahr 219.4 125. 5 

Latent heat, B.t.u. per lb 965.6 1021.3 

Vapor 



Pig. 404. Fig. 405. 


Heat givdn up by 1 lb. of steam condensed in coils == 965.6 B.t.u. 

Heat absorbed by 1 lb. of vapor leaving evaporator == 1021.3 + (125.5 
- 50) = 1096.8 B.t.u. 

Weight of raw water vaporized per lb. of steam supplied = 965.6 -J- 
1096.8 = 0.884 lb. 

Doyble-effect, Fig. 405. Assume the temperature drop between steam 
supply and the condenser to be equally divided between stages. Total 
drop = 219.4 — 125.5 = 93.9 deg.; drop in each effect = 93.9 -4- 2 = 46.95 
deg. Therefore, temperature of first effect = 219.4 - 46.95 = 172.45 
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deg., and that of second effect = 172.45 — 46.95 = 125.5. From steam 
tables: 

Steam Supflied First Effect Second Effect 


Pressure, in. hg., abs. 17 (lb. per sq. in.) 13.01 4 

Temperature, deg. fahr 219.4 172.45 125.6 

Latent heat, B.t.u. per lb 965.6 994.3 1021.3 


Heat given up by 1 lb. of steam entering first stage = 965.6 B.t.u. 

Heat absorbed by vapor discharged into second stage = 994.3 + (172.45 
-50) = 1116.7 B.t.u. 

Water evaporated from first effect = 065.6 -f- 1116.7 == 0.865 lb. 

Heat given up by vapor entering coils of second effect = 994.3 B.t.u. 
per lb. 

Heat absorbed by vapor discharged into second stage == 1021.3 + (125.5 
- 50) = 1096.8. 



Water evaporated from second effect per lb. of vapor supplied to the 
coils = 994.3 -f- 1096.8 = 0.906 lb. 

Water evaporated from second effect per lb. of steam = 0.865 X 0.906 
= 0.785 lb. Total evaporation per lb. of steam = 0.865 + 0.785 = 
1.650 lb. 



Fio. 407. 


Triple Effect, Fig. 406. Proceed as for double effect, assuming that the 
temperature drop in each stage will be one-third of the total. The vari- 
ous calculated quantities are given in the illustration. 

Figure 407 shows the heat exchange in a single-effect evaporator system 
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for a 10,000-kw. unit using 11.45 lb. steam per kw-hr. 15,600 lb. of 
eiAaust steam per hr. at 2 lb. gage are available for heating, and the raw 
water is supplied, at a rate of 6000 lb. per hr. with 10 per cent blow-off. 
Total water to be fed to the boiler 150,000 lb. per hr. 

For various combinations of evaporators and heaters for different plant 
conditions, consult Report of Committee on Prime Movers, N.E.L.A., 
1923, Part A, pp. 57-60. 

Evaporators in the Stationary Power Plant: Power, Sept. 19, 1922, p. 449; Feb. 21, 
1922, p. 292; Nov. 28, 1922, p. 834; Sept. 14, 1926, p. 406. 

261 . Economizers. — It has been shown (paragraph 49) that the 
greatest loss in a steam generating unit is due to the sensible heat carried 
away by the chimney gases. The lower the temperature of the exit gases, 
the smaller will be this loss. The efficiency of any boiler can be increased 
by adding to its heating surface, but the temperature of the gases cannot 
be reduced below that corresponding to the heating surface with which 
they were last in contact; therefore, regardless of any investment con- 
sideration, there is a limit beyond which further addition of heating sur- 
face will effect no increase in economy. With the usual type of steam 
boiler, the theoretical minimum temperature of the flue gases is that of 
the saturated steam. By placing a feedwater heater so that it can absorb 
the sensible heat from the flue gases, it is theoretically possible to reduce 
the temperature of the gas to that of the inlet water with a corresponding 
increase in boiler eflficiency. Because of practical considerations, it is 
inadvisable to reduce the temperature of the gases to that of the inlet 
water, and it is customary to have them leave at a temperature consider- 
ably above that of the water. Increased boiler cflSciency may also be 
obtained by utilizing the last passes of the boiler as a feedwater heater. 
The heater, independent of the boiler surface, is known in steam power 
parlance as an economizer, and the one integral with the boiler has been 
given such names as preboiler, reheater, economizer element and pre- 
heater. A single economizer is commonly used where a number of small 
boilers discharge into a common flue, but with large boilers each unit 
usually has its own economizer. 

The older types of economizers were constructed invariably of cast iron, 
because cast iron resists corrosion better than mild steel and because the 
pressures were comparatively low. The tendency in modem practice is 
distinctly towards higher pressures, pressures far above those for which 
cast iron is suitable, and all of the important stations which are now in 
process of design and construction are to have steel-tube economizers. 
Cast-iron economizers are by no means obsolete, and under certain oondi- 
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tions are a better investment than those constructed of wrought steel, 
but they are bulkier and more expensive for high pressures. 

Economizers need not necessarily be subjected to full boiler pressure, 
since it is possible by special arrangement of a multi-stage pump, or by an 
additional pump equipment, to operate them at any pressure sufficiently 
high to prevent the water temperature from reaching a point within 
approximately 15 to 25 degrees of the steam temperature. Steel-tube 
economizers are more liable to external and internal corrosion than cast- 
iron, but external corrosion can be obviated by the maintaining of a 
minimum inlet water temperature above i65 deg. fahr., and internal cor- 
rosion can be wholly eliminated by using pure deaerated condensate main- 
tained slightly on the alkaline side of neutral. The B. F. Sturtevant, Co. 
has developed a process by which a steel tube is impregnated with a lead 
compound, and which is guaranteed to protect the tubes against outside 
and inside corrosion. A combination of cast-iron and steel-tube econo- 
mizers has been used in several instances, the cast-iron being for relatively 
low pressures and the steel-tube for high pressures. The latter take 
water at a high pressure and temperature to reduce corrosion. 

Figure 408 gives a general assembly of a Green economizer, illustrating 
a well-known cast-iron design. The heating element consists of a series 



Fig. 408. Standard Type of Cast-Iron Economizer. 


of cast-iron tubes 9 to 12 ft. in length and 4 9/16 in. in diameter, which are 
arranged vertically in sections of various widths across the flue. When in 
position, the sections are connected by top and bottom headers, and the 
latter are connected to branch pipes running lengthwise, one at the top 
and the other at the bottom. Both of the branch pipes are outside the 
casing which encloses the apparatus. The waste gases are drawn through 
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various tube passages by an induced-draft fan or, occasionally, by stack 
draft. Feedwater is forced into the economizer through the lower branch 
pipe nearest the point of exit of gases, and emerges through the upper 
branch nearest the point at which the gases enter. Each tube is encircled 
with a set of triple overlapping scrapers which travel continuously up and 
down the tubes at a slow rate of speed, the object being to keep the ex- 
ternal surfaces free from soot and fine ash deposit. The mechanism for 

working the scrapers is placed on 
top of the economizer, outside the 
chamber, and the power is supplied 
either by a belt from some convenient 
shaft or by a small independent en- 
gine or motor. The power for oper- 
ating the gearing varies from 1/2 
to 1 hp. per 1000 sq. ft. of econo- 
mizer surface, depending upon the 
number and length of tubes. The 
apparatus is fitted with blow-off 
and safety valves, and a space is 
provided at the bottom of the 
chamber for collecting the soot. In 
some designs, the outer surface of 
the tubes is cleaned by steam jet 
blowers similar to soot blowers, and, 
in others water sprays are used for 
flushing away the deposits. Soot 
accumulations may be mechanically 
removed from the bottom of the 
chamber, as shown in the illus- 
tration, or by means of vacuum 
systems. 

Figure 409 shows an assembly of a Babcock & Wilcox transverse tube, 
and Fig. 410 a similar view of a Babcock & Wilcox transverse counterflow 
economizer, illustrating the modern steel-tube type. The unit illustrated 
in Fig. 409 is composed of a number of B. & W. sections similar in design 
to those of the boiler. It is placed above the boiler and arranged with the 
tubes transversely to the boiler tubes, thus giving a single pass over the 
economizer surface. A number of sections are placed side by side, the 
feedwater being forced through each in series, thereby approximating 
counterflow. This design may be constructed with either 4-in. or 2-m. 
tubes. The economizer shown in Fig. 410 differs from the one just de- 
scribed in that forged-steel square boxes are used instead of the standard 





Fig. 409. B. & W. Transverse-tube 
Economizer, Calumet Station. 
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B. & W. sections. A single row of tubes from the bottom box J® 

of the economizer passes to a corresponding box on the , 

the latter a second row of tubes passes to the second box on the feed mlet 



Fia. 410. B. & W. Transverse Counterflow Economiser, Waukegan Station. 


Bide and in this manner the water passes throughout the whole economizer 
from bottom to top. The gases flow from top to bottom, giving a true 


counterflow. Placing 
the economizer at the 
back of the boiler of- 
fers a very compact 
arrangement of boiler 
and economizer and 
allows the induced- 
draft fan apparatus 
to be located either 
on the boiler room 



floor or in the base- 
ment. Steel-tube economizers are 


usually equipped with steam jet blowers 


for soot removal. . v • • • 

Fkurc 411 gives the general details of a Foster economizer, which is m 

a measure similar to the Foster superheater. The heating surf^ is com- 
posed of a number of 2-in. steel tubes expanded mto cast-steel return 
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headers, and fitted on the outside with a series of cast-iron gilled rings. 
The lower and upper banks of tubes are expanded into forged steel mani- 
folds, as indicated. The elements are always placed horizontally, the 
gases passing directly across the tubes and the water passing in series 
through each bank, thus giving a true counter-current effect. The steel 



Miscellaneous 

Eir»*rtivp grate area, sq. ft. 444 

Total combustion chamber 

volume, cu. ft. 5,750 

Superheater tube diameter, in . 2 

Economizer tube diameter, in 2 


Fig. 412. Economizer and Air Heater Installation, 

Crawford Ave. Station. 

tubes permit of high pressures, and the cast-iron envelopes insure resistance 
against external corrosion. The extended surface also increases the heat 
transmission. The 'points between the cast-iron rings are so tight that 
no water can reach the outer surface of the steel tubes when soot is removed 
by washing, which is the method adopted for cleaning. 

Figure 412 shows a diagrammatic arrangement of the cross-drum 


Hfating Surfaces 


Boiler, »q. ft. 16,600 

Superheater »q. ft. 3,100 

Economizer nq. ft. 7,376 

Air preheater aq. ft. 15,913 

Water-cooled walls, sq. ft. 

Side 834 

Front 837 

Rear 844 
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B. & W. boiler equipment at the Crawford Ave. Station of the Common- 
wealth Edison Co. This unit is equipped with air preheater, economizer, 
water-cooled furnace walls and uses overfire air injection. 

Figure 413 shows a section through one of the 25,000 sq. ft. Baden- 
hausen boilers, as installed in the Highland Park Plant of the Ford Motor 
Co., illustrating an economizer element integral with the boiler. Feed- 
water enters drum 6, flo^s down the rear bank and enters the forward 
bank of tubes connecting drums 5 
and 6. The economizer element 
is baffled so that the gases are 
forced to travel down the front 
and up the rear bank of tubes. 

The resulting difference in tem- 
perature creates a positive cir- 
culation of the water in the 
economizer element. The ad- 
vantages claimed for the boiler 
with integral type of economizer 
or preheater boiler are: (1) it is in 
the same setting as the boiler; (2) 
it requires no by-passed brcech- 
ing; (3) it necessitates no addi- 
tional overhead structure or rear 
space; (4) it has at least 5 per 
cent higher efficiency than any 
boiler without the preheater; and 
(5) the first cost of a properly proportioned boiler with preheater is no 
greater than that of a standard boiler of equivalent capacity. 

262 . Temperature Rise in Economizers. — The heat transfer in an 
economizer follows the same basic law as the heat transmission through 
any heating surface, viz: 

SUd = wiCi {t - ^o), (245) 

= W2,(h {k - ti), (246) 

in which 

8 = total heating surface, sq. ft., 

U = mean coefficient of heat transmission, B.t.u. per hr. per sq. 

ft. per deg. mean temperature difference, 
d = mean temperature difference between the two fluids, deg. 
fahr., 

Wi and W 2 = weights, respectively, of the fluid to be heated and the 
flue gas, 



Fig. 413. Badenhausen Boiler with 
Preheater Element. 
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Cl and C 2 = mean specific heats respectively of the fluid to be heated 
and the flue gas, 

^ and t = initial and final temperature of the fluid to be heated, deg. 
fahr., 

U and ^1 = initial and final temperature of the flue gas, deg. fahr. 

By an analysis similar to that developed in paragraph 242, it may be 
shown that for either parallel flow or counterflow 

d = Hi - tf) ~ log, (ti/tf) (247) 

in which 

Uy if - initial and final temperature difference between the two fluids. 

Arithmetic mean temperature difference = {h + fe)/2 — (t + to)/2. 
By combining equations (245) to (247) and reducing (see Sibley Journal, 
Jan., 1916, p. 129), we have as an expression for the temperature rise in 
the fluid for counter-current flow 

X = (<2 - to) + n) (248) 

in which 

X = temperature rise in the fluid, deg. fahr., 

N = W 1 C 1 IW 2 C 2 
n=^ SU (N -l)/2.Swi 

Other notations as previously designated. 


Example 68. — Calculate the final feedwater and flue-gas temperature 
for a cast-iron economizer installation operating under the following con- 
ditions: Boiler heating surface 12,000 

I] sq. ft.; economizer surface 7500 sq. 

1 ft.; initial feedwater temperature 100 

: ‘ deg. fahr. and initial flue-gas tempera- 

^ deg. fahr. when the boiler is 

• V, 1 operating at 100 per cent above stand- 

^ - =5*. ^ H ard rating; coal used, Illinois screenings, 

^ 11,400 B.t.u. per lb. 


Fia. 414. Counter-Current Flow. Solution. It has been shown (para- 
graph 44) that the theoretical weight of 
air per lb. of any coal is approximately 7.5 lb. per 10,000 B.t.u. There- 
fore for the coal specified, 

1.14 X 7.5 == 8.65 lb. = theoretical air requirements per lb. of coal. 


Assuming an air excess of 50 per cent at maximum load and allowing 
15 per cent for ash, the probable actual weight of flue gas per lb. of coal 
■« 1.5 X 8.55 + 0.85 = 13.7 lb., or in round numbers 14 lb. 

Since the* evaporation at rating is equivalent to 3.45 lb. from and at 
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212 deg. per sq. ft. heating surface per hr., at 100 per cent overload the 
total weight of water, w, fed to the boiler is 

w = 2 X 12,000 X 3.45 = 82,800 lb. per hr. 

Assuming an overall efficiency of 75 per cent, the weight of coal required 
is 


970.4 X 82,800 
11,400 X 0.75 


= 9400 lb. per hr. 


The total weight of flue gas, W 2 f is 

W 2 = 9400 X 14 131,600 lb. per hr. 


Assume the mean specific heat of the water to be unity and that of the 
flue gas to be 0.25. 

Assume U = 4.25, which is an average value for a cast-iron economizer 
with initial flue-gas temperature of 650 deg. fahr. Sul )stituting these 
values in equation (248) 


N = 

n = 

X = 


WiCi ^ 82,800 X 1 ^ 2 52 

W 2 C 2 131,600 X 0.25 

SU(N - 1) _ 7500 X 4.25 (2.52 


1 ) 


2.dwi 

fe “ f{) 


2.3 X 82,800 
650 - 100 


= 0.254. 


N 


10 ” - 1 


^ + N 


i 


100 264 _ I 


+ 2.52 


= 126 deg. fahr. 


Since x = t — ioj the final temperature of the feedwater is 
< = 126 + 100 = 226 (leg. fahr. 


The heat absorbed by the feedwater must be ecjual to that given up by 


the flue gas, or 

• 



1 

11 

1 

(249) 

from which 

(<2 — — to) = V’,C,/u' 2 C 2 = N. 

(250) 


Substituting the known quantities 
in equation (250) 

(650 - <i)/(226 - 100) = 2.52 



or 

ti = 332.5 deg. fahr. = final tem- 
perature of the flue gas. 

For parallel flow, as in Fig. 415, 
the final flue-gas temperature may 
be calculated from the following formula which was deduced from equa- 
tions (245) to (247). 


Fia. 415. Parallel-Current Flow. 


= (fe - + a/b 


(251) 
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in which 

a = V)iCit2lW2C2 + to 

b = V)iCifW2C2 + 1 

m = hSU/w^Oi, 

Other notations as previously designated. 

In view of the uncertainty in practice of many of the factors entering 
into the preceding analysis, it is sufficiently accurate for most purposes 
to take the algebraic mean value of d instead of the logarithmic value. 
This greatly simplifies the calculations. In using the algebraic mean 
temperature difference, the corresponding value of U must be taken and 
not that based on logarithmic temperature difference. 

!363. Factors Determining Installation of Economizers. — The general 
conclusion drawn from current practice is that an economizer installation 
results in: 

(1) A saving in fuel ranging from 7 to 20 per cent. 

(2) Overall boiler, superheater and economizer efficiencies ranging from 
80 to 93%. (91.6% overall efficiency has been obtained at the Lakeside 
plant and 93% is expected at the new Richmond Station.) 

(3) A substantial oVerall gain in heat economy where the boilers are 
operated with high flue-gas temperatures. 

(4) Maximum overall heat economy when the boilers are forced far 

above their rating and the auxiliaries are electrically driven, and pure 
feedwater is available. This is true only for the conventional type of 
turbine or 'engine. If the feedwater is heated by bleeding the prime 
mover, the value of the economizer becomes less as the temperature of the 
feedwater is increased. * 

(5) Decreased wear and tear on the boilers due to the high feedwater 
temperature. 

(6) A large storage of hot water for sudden peak demands. 

Against these advantages may be cited: 

(1) Increased first cost and maintenance of economizer elements. 

(2) Increased power requirements of induced-draft fan. 

(3) Treatment of feedwater to prevent internal corrosion. 

(4) Extra space requirements for economizer equipment. 

In the large modem central station, where the steam pressures are very 
high and boilers are operated continuously at heavy ratings and the fuel 
is costly, feedwater economizers have definitely proven their worth, 
except, perhaps, where the feedwater is heated to a high temperature by 
stage bleeding. The tendency in the latter situation is to reclaim the 
waste heat from the flue gases by means of air preheaters. 
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Some of the more important factors to be considered before installing 
a feedwater economizer are: 

(1) Cost of Fuel, — The higher the cost of fuel the greater will be the 
returns. By equating the thermal gain against first cost and maintenance 
at various loads, the net economic gain may be estimated. In the small 
plant with variable loads, the net thermal gain is usually offset by the 
additional fixed charges and maintenance costs. 

(2) Temperature of the Flue Gas. — Since the primary object of an 
economizer is the utilization of the heat rejected to the chimney, it stands 
to reason that the value of an economizer installation increases with the 
temperature of the flue gases. In the modern high-pressure boiler for 
central stations, attempt is no longer made to reduce the gases to the 
lowest point possible with little regard for the amount of boiler surface 
required to effect this result. On the contrary, the present idea is to 
design the boiler so that all of the surface will be subjected to a much 
higher temperature difference and thereby increase the rate of heat trans- 
fer. This necessitates the gases leaving the boiler at from 50 to 100 deg. 

TABLE 84 

TESTS OF FOSTER ECONOMIZERS 

A . Delray StatioUf Detroit Edison Co. 


Heating surface of Class W53 Stirling Boiler 23,654 sq. ft. 

Heating surface of Class W57 Stirling Boiler. 12,054 sq. ft. 

Heating surface of B. & W. Superheater, large boiler 2,217 sq. ft. 

Heating surface of B. & W. Superheater, small boiler 1,528 sq. ft. 

Heating surface of Foster Economizer 18,800 sq. ft. 

Ratio of economizer heating surface to that of boilers 52.6 per cent 


Date . . 

1922 

Apr. 

20 

Apr. 

18 

Apr. 

19 

Apr. 

10 

Apr. 

17 

Duration 

hr. 

2 

3 

3 

3 

■ 

i 3 

Power developed by unit 

Percentage of rated capacity 

boiler hp. 

3859 

5780 

5867 

6955 

1 6978 

per cent 

108 

162 

164 

194 

196 

Steam pressure by gage 

lb. per sq. in. 

210 

212 

212 

213 

215 

Superheat 

deg. fahr. 

147 

171 

156 

169 

185 

Gas temperature at economizer inlet. 

deg. fahr. 

506 

563 

566 

566 

631 

Gas temperature at economizer outlet 
Gas temperature drop through econo- 

deg. fahr. 

276 

313 

301 

296 

337 

mizer 

Water temperature at economizer 

deg. fahr. 

230 

250 

265 

270 

294 

inlet 

Water temperature at economizer 

deg. fahr. 

205 

201 

206 

193 

194 

outlet 

deg. fahr. 

272 

273 

283 

282 

296 

Water temperature rise in economizer 

deg. fahr. 

67 

72 

77 

89 

102 

Draft in flue leaving economizer. . . . 

in. w, g. 

2.18 

3.66 

4.16 

5.35 

5.31 

Draft in flue entering economizer 

in. w. g. 

.60 

.67 

.82 

.97 

.81 

Draft loss through economizer ... . 

in. w. g. 

1.58 

2.99 

3.34 

4.38 

4.50 

Fuel saving effected by economizer. . 

per cent 

6.03 

6.39 

6.90 


8.93 
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B, Riverside Station, Municipal Gas Co,, Albany, N, Y, 


Heating surface of special water-tube boiler 6877 sq. ft. 

Heating surface of Foster Radiant Heat Superheater 65.2 sq. ft. 

Heating surface of Foster Economizer 5856 sq. ft. 

Grate surface of stoker 105 sq. ft. 

Ratio of economizer heating surface to that of boiler 85.1 per cent 


Date 

1921 

July 27 

Aug. 9 

July 28 

July 5 

Duration 

hr. 

6 

6 

6 

69 

Power developed by unit 

Percentage of rated capacity 

boiler hp. 

805 

935 

1016 

1201 

per cent 
lb. per sq. in. 

117 

136 

148 

175 

Steam pressure by gage 

200 

202 

201 

202 

Superheat 

deg. fahr. 

188 

129 

114 

137 

Gas temperature at economizer 
inlet 

deg. fahr. 

582 

663 

646 

697 

Gas temperature at economizer 
.outlet 

deg. fahr. 

248 

270 

250 

267 

Gas temperature drop through 
economizer 

deg. fahr. 

334 

393 

396 

430 

Water temperature at economizer 
inlet 

deg. fahr. 

213 

213 

212 

212 

Water temperature at economizer 
outlet 

deg. fahr. 

334 

356 

354 

858 

Water temperature rise in econo- 
mizer 

deg. fahr. 

121 

143 

142 

146 

Draft in flue leaving economizer 

in. w. g. 

.50 

1.20 

1.20 

1.50 

Draft in flue entering economizer 

in. w. g. 

+ .05 

-.07 

+ .01 

-.19 

Draft loss through economizer. . . 

in. w. g. 

.55 

1.13 

1.21 

1 31 

Fuel saving effected by econo- 
mizer 

per cent 

10.78 

13 08 

13.09 

13.30 


higher than formerly. The gases are then reduced to 200 to 300 deg. by 
the economizer. The amount of economizer surface ranges from 60 to 
100 per cent of the boiler heating surface, depending upon the method 
of establishing the heat balance. 

(3) Temperature of the Feedwater, — The water entering the economizer 
should have a temperature at least equal to that corresponding to the dew 
point of the gases, to prevent external corrosion, and in qase the water 
is not deaerated the temperature should not be less than 180 deg., to 
prevent internal corrosion. With properly degasified water, inlet tem- 
peratures as low as 120 deg. fahr. have worked out satisfactorily, but the 
exact temperature is dictated by the station heat balance. 

(4) Pressure Drop through Economizer. — For high rate of heat trans- 
ference, the gases should flow through the economizer at high velocities; 
but, as the pressure drop increases approximately as the square of the 
velocity, the gain in heat transfer is at the expense of increased power 
requirements for the fan. The pressure drop varies widely with the design 
of economizer and the temperature of the gases, but an average value is 
0.6 in. of water at 20 ft. per sec. to 3 in. at 50 ft. per sec. The mean 
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coefficient of heat transfer varies with the weight of gas flowing per hr., 
the mean temperature difference 
between the gas and that of the 
water, the composition of the 
gas, cleanliness of the tubes, and . 
design of economizer, and g 
ranges from 2 to 7 B.t.u. per | 
hr. per sq. ft. per deg. fahr. 1 400 
difference in temperature. The ^ 
curves in Figs. 416 and 417 | 
give the results of a series of ^ 
tests conducted on the 4800 sq. u 
ft. Foster steel-tube economizer 
installed in the 6865 sq. ft. 

Stirling ' boiler at the Seven- 
tieth St. plant of the Cleveland 
Elec. 111. Co. and give some 
idea of the various factors in- 
volved in the performance of 1 1 
the economizer. || 

(5) Purity of the Feedwater, — | ^ 

With hard feedwater, the forma- 
tion of scale within the tubes 
may seriously affect the effi- 
ciency of heat transmission, and „ . , , 

the cost of cleaning may prove Ecoromizer. 

excessive. Internal corrosion 

may also be caused by dissolved gases in the feedwater. 

Q .- . (6) Minimum Temperature of the 

7 Boiler. i2.78i |8q.k Fluo Gus, — The flue-gas temperature 

Ey mi«r?' 75 os?/i^!' should uot be lowered below the dew 

point, since the condensation of the 

vapor content may cause the soot 

to adhere to the tubes and render 

2 ^ its removal a costly problem. An 

GafveiodtyVperlc. “ minimum is 240 deg. fahr. 

Fig. 417. Influence of Gaz Velocity on ^ith coals high in sulphur content. 
Coefficient of Heat Transfer. moisture forms sulphuric acid 

which corrodes the tubes. 

(7) Increased Capacity Due to the Additional Heating Surface, 

(8) Cost of Additional Building Space, 

(9) Cost of Producing the Draft, — For chimney draft, this means cost 


iniBSiiSESSE^ainnl 


dtpot, 5 Rating 
Fig. 416. Performance of Foster Steel-tube 
Ecopomizer. 


So^rheater, jB160 Sq. Ft. 
Economjier, 7750 Sq. Ft. 


Gaa Velocity. Ft. per See. 
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of the extra height of stack necessary to overcome the loss in draft. This 
may range from 20 to 40 per cent of the total cost of the chimney. In 
the modem mechanical draft installation, the power required to operate 
the fans ranges from 1 per cent to 4 per cent of the main generator output. 

(10) First Cost. — See Chapter XIX. 

(11) Boiler Pressure. — Cast-iron economizers are used for working 
pressures as high as 400 lb. per sq. in., but the cost increases rapidly 
with increase in pressure above 250 lb. per sq. in. All modern economizers 
for pressures varying from 300 to 1200 lb. per sq. in. are of steel-tube con- 
struction. 

264. Flue-gas Combustion-air Heaters. — Many of the latest power 
plant installations include combustion air heaters, or air preheaters. Their 
value for increasing power plant efficiency has been demonstrated and 
they have come to take an important part in the steam power station. 
There are three types of air preheaters in American practice: (1) plate, 
(2) tubular, and (3) regenerative. The plate-t 3 rpe heater consists of a steel 

casing in which are 
contained a number of 
sheet-iron envelopes 
as shown in Fig. 418, 
the flue gas and air 
passing through alter- 
nate envelopes in op- 
posite directions. In 
the tubular type the 
air is passed counter- 
currently over the out- 
side of tubular ele- 
ments and the flue 
gas is exhausjted 
through them. The 
regenerative type con- 
sists of a rotating ele- 
ment which alter- 
nately absorbs heat 
from the flue gas and 
transfers it to the air. The Combustion Engineering Corporation heater 
is a well-known example of the plate type, the Babcock & Wilcox heater 
of the tubular type, and the Ljungstrom of the regenerative type. The 
mean coefficient of heat transfer in all types of air preheater is low, ranging 
from 1 to 4 B.t.u. per sq. ft. per deg. fahr. temperature difference. 



Fig. 418. Air Preheater Combustion Engineering 
Corporation. 
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Preheated air not only increases efficiency by recovering heat from the 
waste gases but also aids combustion and reduces ashpit losses. Pre- 
heated air is common practice in powdered-coal installations and is fast 
becoming so in stoker-fired plants. Air tempeiatures up to 600 deg. fahr. 
have been successfully employed in several plants. The principal ad- 
vantage of the air preheater over the economizer lies in the fact that it 
is not under pressure and for the same heat recovery is less expensive to 
install. 

Comparative Performance of Air Preheaters: Trans. A.S.M.E., Vol. 48, 1926, 
p. 337. 

265. Heat Balance. — The heat balance in steam power plants has been 
defined iis “ that correlation of events in the heat cycle of the plant as a 
whole which adjusts the rate of steam generation to the demand with the 
least possible waste of heat and at the least possible expenditure of fuel.” 
Obviously, everything that has to do with the generation or absorption 
of heat is a factor in the heat balance, but in a general sense the principal 
factor is the means employed for heating the feedwater. There are so 
many possible combinations of prime movers, auxiliaries, and heaters in 
establishing a heat balance that it is futile to attempt to cover the subject 
in a book of this general nature and only a few of the more commonly used 
systems will be briefly described. Among the latter may be mentioned: 

1. Steam-driven auxiliaries used entirely, exhausting into open feedwater 
heaters. — This system of feedwater heating was practically universal in 
all steam plants of a decade or more ago. For small plants with low load 
factors where there is no excess of exhaust steam over and above that 
required to heat the feedwater to 212 deg. fahr., this is perhaps the simplest 
and cheapest system. The two main objections to this system in ordinary 
practice are: (1) it is difficult, if not impossible, to maintain a heat balance 
under all load conditions; and (2) the heat energy of the steam available 
for work can be only partly utilized in small plants. It has been shown 
in paragraph 181 that, when exhaust steam is used for heating the feed- 
water, a kw-hr. is produced by that steam before exhaust at an expenditure 
of approximately 4000 B.t.u., or about one-third as much as with a highly 
efficient turbine-driven generator exhausting against a back pressure of 
1 in. of mercury. It is obvious that the production of this cheap power 
is limited in amount by the ability of the feedwater to absorb the exhaust 
steam produced. 

2. Mixed steam and ekctricaUy-driven auxiliaries. — In the majority of 

* Mech. Engrg., Feb., 1924, p. 64. 



Gmm C(m 1 Rata, Lb. *1.296 


620 


STEAM POWER PLANT ENGINEERING 



Balance at Most Economical Load. Delaware Station. 
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medium-sized plants and in a number of our modem central stations, part 
of the auxiliaries are motor-driven and part steam-driven, the motors 
taking current from the main generator. The division is such that a 
proper selection of each type of drive can be made at different loads to 
obtain a satisfactory heat balance. 

For a detailed analysis of the heat balance for a large station of this 
class, consult Auxiliary System and Heat Balance at the Delaware 
Station of the Philadelphia Electric Co.,” Trans', A.8,M.E,, Vol. 43, 1921, 
p. 475. Figure 419 gives the heat balance of this station at the most 
economical load. 

3. The house, or auxiliary, turbine system, — In this system the feed- 
water is heated by the exhaust from a small turbo-generator designated 
as the house turbine. The current generated is used to operate all or 
part of the electrically-driven auxiliaries and for other house service. 



Fig. 420. House Turbine at Connors Creek Station. 


The turbine exhausts into an open condenser, the circulating water for 
which is the feedwater. This condenser is, therefore, the equivalent of 
an open heater in which the exhaust from the house turbine (and other 
steam-driven auxiliaries, if any) mixes with and heats the condensate 
from the main units. This system is used in a number of large central 
stations. It has the advantage, over the other systems, of providing a 
simple method of degasification without the addition of deaerating or 
deactivating equipment. House turbines are installed 
(a) in conjunction with other steam-driven auxiliaries or a combination 
of steam and electrically-driven auxiliaries. The Coimors Creek Station 
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of the Detroit Edison Co. is an example of this system, a diagrammatic 
arrangement of which is illustrated in Fig. 420. For a detailed analysis 
of the heat balance in this station, consult Trans. A.S.M.E., Vol. 43, 
1921, p. 500. Consult also, Heat Balance at Colfax, Trans. A.S.M.E., 
Vol. 43, 1921, p. 487. 

(6) in conjunction with electrically-driven auxiliaries operated with 
current from the house turbine or the main unit, or with the supply divided 
between the house turbite and main unit. This system is adopted at 
the Hell Gate Station of the United Electric Light and Power Co. For 
an analysis of the heat balance of this plant, consult Trans. A.S.M.E.^ 
Vol. 43, p. 495. 

(c) same as (6) except that deficiency in house turbine exhaust is made 
up by bleeding from the lower stages of the main turbine units. This 
system is adopted at the Hudson Ave. Station of the Brooklyn Edison Co. 


I i H 
^ *0 « 



Fia. 421. Heat-flow Diagram. Air Preheater Installation. 


4. Auxiliaries all electrically driven and the feedwater heated by bleeding 
steam from intermediate stages of the main turbine. — This is now accepted 
as the most eflflcient method for large central stations. The main unit is 
the most eflSicient user of steam; therefore, the most convenient method of 
obtaining the maximum electrical output for a given amount of exhaust 
steam is by bleeding it at one or more stages. The advantage of bleeding 
in stages instead of all at one point follows from the fact that the steam 
used for heating the condensate at the lowest temperature can do more 
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work in the turbine than if all steam were bled at a higher point. Bleed- 
ing steam from intermediate stages also has the advantage of relieving 
congestion in the lower stages of the machine. Some idea of the economy 
of bleeding the main turbine may be gained fiom the following approxi- 
mate values: 1 kw-hr. will be produced for every 14 lb. bled at 150 deg. 
fahr. from a large modem unit as against 20 lb. with a house turbine 



Fig. 422 . Heat-flow Diagram. Air Preheater and Economizer Installation. 


exhausting at the same temperature; 1 kw-hr. will be produced for every 
17 lb. bled from the main unit at 210 deg. fahr. as against 24 lb. with a 
house turbine, and 40 lb. with the ordinary type of good auxiliary turbine 
exhausting at the same temperature. The water rate, neglecting leakage 
and heat losses, for any other temperature may be approximated by divid- 
ing 3415 by the heat equivalent of the theoretical work done in expanding 
adiabaticaUy from the given initial conditions to the temperature of the 
feedwater and dividing the result by the Rankine-cycle ratio, thus: For 
340 lb. abs., 200 deg. superheat, 120 deg. fahr. feedwater temperature, 
and Rankine-cycle ratio of 0.68, the theoretical work done per lb. is 
1323 — 862 = 461 B.t.u. and the actual water rate per kw-hr. = 3415 -4- 
(461 X 0.68) = 10.9 lb. Leakage and heat losses will probably bring this 
up to 11 or 11.2 lb. 

For any set of conditions there exists a definite feedwater temperature 
at which the efiiciency of power generation is a maximum. This is shown 
by the curves in Fig. 423, which give the theoretical values obtained 
from steam extracted at a single stage and subsequently used for heating 
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feedwater. This curve is based on 340 lb. abs. initial pressure with 200 
deg. fahr. superheat and condensate temperature of 79 deg. fahr. The 
work done for, say, the point 300 deg. is calculated as follows: Heat 
content of 1 lb. of steam at 340 lb. abs. and 200 deg. superheat is 1323 
B.t.u. Heat content after adiabatic expansion to 300 deg. fahr. is 1170. 
Work done by 1 lb. of steam = 1323 — 1170 = 153 B.t.u. Net heat 



Fig. 423. Theoretical Performance of Single-stage Heater. 


content of the exhaust above 300 deg. is 1170 - 270 = 900 B.t.u. per lb. 
Pounds of exhaust steam required to heat 1 lb. of feedwater from 79 to 
300 deg. fahr. = (270 — 47) -r- 900 = 0.248. Work done by the exhaust 
steam per lb. of feedwater = 0.248 X 153 = 37.6 B.t.u. From the 
curves it is apparent that the best results are obtained theoretically for 
a feedwater temperature of approximately 250 deg. fahr. with a conden- 
sation of about 19 per cent of the steam entering the turbine. These 
curves are based on a 100 per cent Rankine-cycle ratio and no leakage or 
heat losses. By considering the Rankine-cycle ratio at each back pres- 
sure and including the heat and leakage losses, the probable actua^ tem- 
perature curve may be readily drawn. Complications in piping and 
control, and the fact that no steam auxiliaries are available in case of ex- 
treme emergency, are factors which may render this system imdesirable 
in the smaller plants. 

5. Combinations of 1 to 4 with economizers, air heaters or both. Among 
the large stations using the house turbine in connection with stage-bleed- 
ing and economizers may be mentioned the Weymouth Station of the 
Edison El. HI. Co. of Boston, Northeast Station of the Kansas City Power 
Co., and the new units at Colfax. 

In some of the latest installations, for example, the Edgar Station of 
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the Boston Edison Co., the auxiliaries are all motor-driven and the cur- 
rent is supplied by an auxiliary generator coupled directly to the main 
generator shaft. This makes each unit practically self-contained without 
taking auxiliary power from the main busbars. The auxiliary generator 
does not increase the electrical complications of the station, and the 
electric drives eliminate the auxiliary steam piping. 

The various calculations in drawing up a heat balance differ in no way 
from those already shown in connection with condensers and feedwater 
heaters. The calculations in themselves are very simple but considerable 
judgment must be exercised in estimating the various quantities entering 
into the heat exchange. Thus, the value ot the heat balance depends 
upon the accuracy attained in estimating (1) the water rates of the prime 
movers and auxiliaries at different loads, (2) coefficients of heat transfer 
in closed heaters and condensers of whatever type, (3) temperature de- 
pression between condensate and vapor entering the heater or condenser. 
(4) heat losses to the surroundings and (5) in drips. The usual procedure 
is to begin with the assumed conditions of the steam at the boiler nozzle 
and trace its path through the main unit, auxiliaries, heaters, and condens- 
ers, calculating the heat exchange as it passes through each piece of 
apparatus. At the same time the path of the condensate and makeup is 
followed from its source to the boiler. A complete mathematical treatise 
of a number of heat balances will be found in the following papers pre- 
sented before the American Society of Mechanical Engineers. 

Feed Heating for High Thermal Efficiency: L. Holander, Trans. A.S.M.E., Vol. 44, 1922. 

Economy Characteristics of Stage Feedwater Healing by Extraction: E. H. Brown and 
M. K. Drewry, Trans. A.S.M.E,, Vol. 45, 1923. 

Reheating in Central Stations: W. J. Wohlenbcrg, Trans. A.S.M.E., Vol. 45, 1923. 

High Pressure^ Reheating, and Regenerating for Steam Power Plants: C. F. Hirshfeld 
and F. 0. Ellcnwood, Trans. A.S.M.E., Vol. 45, 1923. 

Power Station Heat Balance: Prime Movers Com. N.E.L.A., Aug., 1926. 

Heed Balance — Devon Station: Power, Apr. 29, 1924, p. 074. 

Relation of Auxiliary Drives to Heat Balance: Power, Dec. 6, 1921, p. 888. 

Heat Balance at Colfax: O. W. Clarke, Trans. A.S.M.E., Vol. 43, p. 487. 

Extraction Heaters Increase Cycle Efficiency: Power Plant Engrg., Aug. 1, 1927, p. 817. 

Automatic Heat Balance Regulation: Power, Dec. 11, 1928, p. 956. 

A Method for Calculating Central Station Heat Balance: Power, July 3, 1928, p. 12. 


PROBLEMS 

1. Determine the amount of soda ash and lime necessary to soften 10,000 gallons 
of water as per analysis. Col. 2, Table 73. 

2. In a certain plant it costs 30 cents per 1000 lb. to evaporate water from feed 
temperature of 60 deg. to steam at 115 lb. abs. and 50 deg, superheat; required the 
saving in per cent if the feedwater is heated by exhaust steam to 210 deg. fahr. 

8. A 2000-kw. turbo-generator plant uses 18 lb. steam per kw-hr., initial pressure 
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140 lb* abs., back pressure 3 in. abs., superheat 100 deg. fahr., temperature of the con- 
densate 100 deg. fahr.; auxiliaries develop 100 hp. and use 30 lb. steam per hp-hr. 
(non-condensing), initial pressure 115 lb. abs., steam dry at admission; required the 
temperature of the feedwater if the auxiliary exhaust is discharged into an open heater. 

4 . Required the tube surface necessary for a closed heater suitable for the condi- 
tions in Problem 3. Assume U = 350. 

5 . If the tubes are J in. inside diameter, required the total length of water travel 
for the conditions in Problem 4, assuming a water velocity through the tubes of 120 
ft. per min. 

6. Raw water at a temperature of 200 deg. fahr. is pumped into the chamber of 
a flash-type evaporator in which a pressure of 7 in. abs. is maintained. What percent- 
age of the raw water is flashed into vapor? 

7 . Determine the amount of raw water evaporated per lb. of steam supplied in a 
single-effect evaporator if the conditions are as follows: Pressure of steam ‘supply, 
17 lb. abs., vacuum, 24 in., temperature of raw water, 60 deg. fahr. Neglect all losses. 

8. Same conditions as in Problem 7 except that a double-effect evaporator is to be 
used. 

0. How many lb. of steam must be extracted from the 18 lb. abs. stage of a 10,000-kw. 
steam turbine in order to heat the condensate to the maximum if the conditions are 
as follows: Initial pressure, 350 lb. gage, superheat, 250 deg. fahr., vacuum, 1 in. abs., 
water rate of turbine with full extraction at rated load 11.5 lb. per kw-hr., 10 per cent 
drop in pressure in steam to stage heater; temperature of condensate, 77 deg. fahr. 

10 . Given the following conditions for a single-stage extraction heater: Initial 
pressure 265 lb. abs., superheat 150 deg. fahr., back pressure 1 in. abs., temperature of 
condensate 79 deg. fahr. Construct curves similar to those shown in Fig. 423 with 
a view of determining the temperature of the feedwater at which the efficiency of power 
generation is a ma»mum. Assume 100 per cent Rankine-cycle efficiency and neglect 
all heat losses. 

11 . Calculate the final feedwater and flue-gas temperatures for a counterflpw 
economizer installation operating under the following conditions; Boiler heating sur- 
face 10,000 sq, ft., economizer surface 6500 sq. ft., initial feedwater temperature 160 
deg. fahr., initial flue-gas temperature 600 deg. fahr. when the boiler is operating at 150% 
above standard rating; coal used, Illinois washed nut, 13,500 B.t.u. per lb., 1/ = 4; 
weight of gas 16 lb. per lb. of coal; 4 lb. coal per boiler hp-hr.; 7.5 lb. water per lb. of 
coal as fired. 



CHAPTER XIV 

PUMPS 


1566. Classification. — Pumps used in connection with steam power 
plants may be conveniently classified under five groups according to the 
principles of action. 

1. Piston pumps, in which motion and pressure are imparted to the 
fluid by a reciprocating piston, plunger, or bucket. The action is posi- 
tive and a certain definite amount of fluid is handled per stroke under 
predetermined conditions of pressure and velocity. 

2. Centrifugal pumps, in which the fluid is given initial velocity and 
pressure by a rotating impeller. The action is not positi^^e, as the amount 
of fluid discharged is not necessarily proportional to the impeller displace- 
ment. 

3. Positive-displacement rotary pumps, in which motion and pressure 
are imparted to the fluid by a rotating impeller or screw. The volume 
discharged is practically equal to the impeller displacement regardless of 
pressure. 

4. Jet pumps, in which velocity and pressure are imparted to the fluid 
by the momentum of a jet of similar or other fluid. The ordinary steam 
injector is the best known of this group. 

5. Direct-pressure pumps, in which the pressure of one fluid acts 
directly on the surface of another fluid, thereby imparting all or part of 
its energy to the latter. The pulsometer is an example of this type. 

These groups may be variously subdivided as follows : 


Piston 


Centrifugal. . . . 

Rotary 

Jet 

Direct Pressure 


Direct-acting. ... 

Simplex 

Duplex 

Simplf-T 

Flywheel 

Duplex 

Power-driven 

►Triplex 

Volute 

Single-stage 

Turbine 

Multi-stage 

Power-driven. ... 

Forcing 

Lifting 

Injector 

Positive 

Ejector 

Automatic 

Pulsometer 

Lifting 

Air-lift 

Lifting 
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Air. 

Vacuum, 

Forcing. 

Lifting. 


Vacuum. 

Forcing. 

Lifting. 
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Pistoiii or plunger pumpSi are adapted to widely diversified service. 
Boiler-feed^ condensate, and vacuum pumps for small plants, city water- 
works pumps, and high-pressure force pumps are ordinarily of this tjrpe. 
In the direct-acting type. Fig. 425, the water plunger and steam piston 
are secured to a single piston rod and the steam pressure is transmitted 
directly to the water. There is no flywheel, connecting rod, or crank. 
The volume of the delivery for constant initial steam pressure is inversely 
proportional to the resistance offered by the water; when the resistance 
equals the forward effort of the steam pressure, the pump stops. This 


Fig. 424. Typical Duplex Pump. 

class of pump is well adapted for constant head and variable capacities, 
since it may be operated as slowly as suits the capacity requirements by 
simply throttling the discharge. The steam is not used expansively; 
therefore, the water rate is very large in proportion to the work performed. 

Flywheel pumps, Fig. 443, are ordinarily classified as pumping engines. 
In this class steam may be used expansively, as sufficient energy is stored 
in a flywheel to permit the drop in steam pressure during expansion. 
These pumps find wide application in city waterworks, elevator plants, 
and the like, where high duty is required. They are little used as station- 
ary boiler feeders, but are used to some extent in river-boat practice. 

Piston pumps, Fig. 446, driven by gearing or belting, are ordinarily 
classified as power-driven pumps. The source of power may be a steam 
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engine, electric motor, or gas engine. The single-cylinder machine is 
often designated as a simplex power-driven pump, the two-cylinder 
as a duplex, the three-cylinder as a “ triplex, and so on. 

Centrifugal pumps, Fig. 458, have largely supplanted the piston type 
for all but high-pressure low-capacity service because of their compactness, 
balanced rotary motion, absence of valves and pistons, uniform pressure 
and flow, freedom from shock, ability to handle dirty water, and 
high rotation speed permitting direct connection to electric motors and 
steam turbines. The overall efficiency of centrifugal pumps is lower 



Fig. 425. Section Through a Typical Duplex Pump. 


than that of the average piston pump, but this disadvantage is largely 
offset by low first cost and low maintenance costs. 

Rotary pumps, Fig. 454, are employed to a limited extent in the same 
field as the centrifugal pump. Being positive in action, they permit of a 
much lower rotative speed for the same delivery pressure. 

Jet pumps, Fig. 451, are seldom used as pumps in the ordinary sense of 
the word, on account of their extremely low efficiency, but are occasionally 
employed for discharging water from sumps. Their greatest field of ap- 
plication lies in boiler feeding, and in this connection their overall thermal 
efficiency is very high. . Jet pumps of the steam-ejector type are much in 
evidence in the modem condensing plant for withdrawing or for assisting 
the main air pump in withdrawing the non-condensable gases and vapor 
enta^ainment from condensers. See paragraph 285. 

Direct-pressure pumps operated by steam, such as the “ pulsometeri” 
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Fig. 449, are used principally for pumping out sumps, surface drains, 
and the like, where the operation is intermittent. Direct-pressure pumps 
of the air-lift type. Fig. 485, are quite common and are used a great deal 
in situations where water is to be pumped from a number of scattered wells. 

Direct-acting Steam Pumps. — Figure 424 shows a general as- 
sembly, and Fig. 425 a section, through one element of a typical direct- 
acting steam pump of the duplex type. This style of pump consists 
virtually of two single-cylinder pumps mounted side by side, the water 
ends and the steam ends working in parallel between inlet and exhaust 
, pipe. The piston rod of one pump operates the steam valve of the other 
through the medium of bell cranks and rocker arms. The pistons move 
alternately, and one or the other is always in motion, the flow of water 
being practically continuous. 

In general construction the steam pistons and valves are similar to 
those of steam engines. The valves in duplex pumps, however, have no 
lap. In order to reduce the valve travel to a minimum, and still have 
sifficient bearing surface between the steam ports and the main exhaust 
ports to prevent the leakage of steam from one to the other, separate 
exhaust ports are provided which enter the cylinder at nearly the same 
point as the steam ports. This arrangement offers a simple means of 
cushioning the piston by exhaust steam, thus preventing it Jrom striking 
the cylinder heads at the ends of the stroke. The valves of the duplex 
I pump, having no lap, would, if connected rigidly to the valve stem, open 
lone port as soon as the other had been closed, at about mid-stroke of the 
piston, thus cutting down the stroke to about one-fourth the usual length. 
To obviate this difficulty the valves are given considerable lost motion 
by allowing sufficient clearance between the lock nuts on the valve stem; 
the latter, therefore, imparts no motion to the valve until the piston 
operating it has nearly completed the stroke. The lost motion between 
valves and lock nuts renders it impossible to stop the pump in any position 
from which it cannot be started by simply admitting steam, and therefore 
the pump has no dead centers. When one piston moves to the end of the 
stroke, it pulls or pushes the opposite valve to the end of its travel; then, 
when the piston starts back to the other end of its stroke, the valve remains 
stationary, owing to the lost motion, until the piston has completed about 
one-half the stroke. During this time the opposite piston has completed 
a full stroke and the valve operated by it will have opened the steam port 
iride, so that while one valve covers both steam ports the other is at the 
end of its travel. In some makes of pumps, the stem is rigidly attached 
to the valves, the lost motion being adjusted outside the steam chest, as 
shown in Figs. 426 and 427 which represent two common constructions 
of a duplex valve gear. 
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Figure 428 shows the valve and piston in the position occupied at the 
commencement of the stroke. At one end of the valve the steam port P 
is open wide, and at the opposite end the exhaust port E is open wide. 
When the piston nears the opposite end of the stroke and reaches the 
position shown in Fig. 429, the steam escape through the exhaust port E 


▼alra 8ten 


Fig. 426. 


Fig. 427. 



is cut off by the piston, and since the steam port is closed, the remaining 
steam is compressed between the piston and cylinder head, thus arresting 
the motion of the piston gradually without shock or jar. 

The duplex direct-acting steam pump of the type just described is the 
most widely distributed device for general pumping service where deliver- 
ing pressures do not exceed 200 lb, gage and capacities 1000 gal. per min. 



Fig. 428. Fig. 429. 


For tank supply and other similar light services, sizes as large as 4000 
gal. per min. have been built, but the centrifugal pump is perhaps the 
better investment in this connection. The duplex steam pump owes its 
popularity to low first cost, low maintenance, simplicity of operation, and 
positive action, but the water rate is very high and “ short-stroking ” is 
common. Where it is desired to maintain the duplex principle and at the 
same time improve the water rate, the steam end is frequently compounded 
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as illustrated in Fig. 431. For pressures ranging from 200 to 1000 lb. 
gage or more, the water end is modified as shown in Fig. 433. 

Single-cylinder or simplex direct-acting steam pumps are frequently 
preferred to the duplex type and are rapidly superseding the latter for 
general service. This style of pump differs from the duplex only in the 
construction of the steam end and in the emplo 3 rment of but one steam 
and one water cylinder. The older designs of simplex pumps were of the 
steam-actuated valve type in which the movements of the main steam 
valve, usually of the piston pattern, were controlled by a small pilot 
valve or valves. The steam supply to the pilot valve was controlled by 
the position of the main steam piston. This design is no longer in evidence 
except in the older plants, because the pilot valves are apt to stick and 
positive action of the pump cannot be depended upon. In the modern 
simplex designs the pilot valve is mechanically operated, and positive 
action is therefore insured. Among the many designs of simplex pumps 
may be mentioned the American-Marsh, Cameron, Knowles, Blake, 
Deane, Davidson, and Burnham. While these various designs differ 
widely in details of valve construction the basic principles are more or less 
alike. Figure 430 shows a sectional elevation through the steam end of 



the American-Mw^h design and serves to illustrate the manner in which 
the reversal of the pump is effected at the end of the stroke. The pilot 
or auxiliary valve is of the semi-rotative disc type, actuated by a rocker- 
arm fastened to cross head on the main piston rod as indicated in the 
illustration. The movement of the auxiliary valve controls the steam 
supply to the main steam valve, which is of the balanced-piston type, 
and this in turn admits steam to and exhausts it from the steam cylinder. 
The length of the stroke is adjusted to suit varying conditions by means 
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of two regulating screws located at the side of the auxiliary valve stem 
lever. On pumps having a 10-in. stroke or longer, cushion valves are 
furnished at each end of the steam cylinder, which regulate the escape of 
exhaust steam and thereby control the cushioning effect. For a detailed 
description of the various types of Simplex pumps, consult “ Pumping 
Machinery, by Arthur M. Greene, John Wiley & Sons, Inc., Pub. The sim- 



Fig. 431. Typical Compound Duplex Pump. 


plex pump valve-control mechanism is a little more complex than the 
duplex, but with it there is little danger of short-stroking. Water rates 
are lower than with the duplex type because of the reduced clearance 
volume. 

268. Pump Valves. — In the large majority of pumps for pressures 
under 200 lb. gage, it is general practice to use a number of small valves 
of the spring-loaded flat-disc type. The disc pack- 
ing is renewable and is composed of various mater- 
ials, depending upon the temperature and char- 
acter of the fluid to be pumped. This packing is 
usually composed of soft-rubber compounds for cold 
water and of hard rubber, compressed fiber, or spe- 
cial metallic alloy for hot water. The discs are held 
firmly to the seat by conical or spiral springs and 
guided by a bolt through the center, as illustrated 
in Fig. 432. For pressures over 200 lb. gage, it is 
customary to use a comparatively small number of spring-loaded metallic 
valves, wing-guided from below and working in bronze seats, as shown in 
Fig. 433. The valve chambers are comparatively small castings, separate 
from the cylinder and connected together by branch manifolds for the 
suction and discharge pipes. The valve-pot covers form the guides for 



Pump Disk-Valve. 
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the valve springs. Each valve chamber may be opened up for inspection 
or repair without disturbing any other part of the water end. In some 
dftaignH of pumping engines, large mechanically operated valves are used 
on the water end, a single suction and a single delivery valve for each 



Fig. 433. Worthington Pot-valve Pressure Pump. 


end of the cylinder, in place of a number of spring-loaded disc valves. 
The Riedler pump, Fig. 434, is of this design. 

269. Air and Vacuum Chambers. — Air chambers in piston pumps are 
for the purpose of causing a steady discharge of water and of reducing 



Fig. 434. Riedler Mechanically 
Operated Pump Valves. 


excessive pounding at high speeds by 
providing a cushion for the water. 
The water discharged under pressure 
compresses the air in the air chamber 
somewhat above the normal pressure of 
discharge during each stroke of the 
water piston, and when the piston stops 
momentarily at the end of the stroke 
the air expands to a certain extent and 
tends to produce a uniform rate of 
flow. 

The volume of the air chamber varies 
from 6 to 8 1/2 times the volume of the 
water piston displacement in single- 
cylinder pumps, and from 3 to 4 1/2 
times in the duplex type. High-speed 
pumps are provided with air chambers 
of from 6 to 10 times the piston dis- 
placement. The water level in the air 


chamber should be kept down to one-fourth the height of the chamber. 


In slow-running pumps, sufficient air may be carried into the pump 
chamber along with the water, but, with high speeds, a large part of the 
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air will be discharged, and air must be forced into the chamber by mechan- 
ical means. The larger the chamber, the more uniform will be the dis- 
charge pressure. 

Vacuum chambers are frequently provided for the purpose of main- 
taining a uniform flow of water in the suction pipe and assisting in the 
reduction of slip. Such chambers should be of 
slightly greater volume than the suction pipe and 
of considerable length rather than diameter. Figure 
435 illustrates two designs commonly used. The 
one in Fig. 435 (B) should be placed in '=^uch a 
position as to receive the impact of the column of 
water in the suction pipe as illustrated in Fig. 436 
(A), (J5), and (C). The chamber illustrated in Fig. 

435 (A) should be placed in the suction pipe below 
but close to the pump. 

270. Water Pistons and Plungers. — In cold-water 
pumps the water pistons are usually packed with some kind of soft pack- 
ing. Figure 437 (A) shows the details of a piston with t juare hydraulic 



Fig. 435. Fonns of 
Vacuum Chambers. 



Fig. 436. Different Arrangements of Vacuum Chambers. 


packing. The body E is fastened to the piston rod by nut C; packing 
is placed at D, and follower F is forced up by the nut B and locked 




(C) 


Fig. 437. Types of Water Pistons. 


by nut A. For large sizes the design is the same except that the follower 
is set up by a number of nuts .near the edge. In hot-water pumps the 
pistons are often packed by means of metallic piston ringSi R, B, Fig. 
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437 (C), similar to those in steam pistons, or merely by water grooveSy 0 ^ 
(?, Fig. 437 {B). 

The cup-leather, Fig. 438, is a good packing for single-acting deep-well 
and high-pressure cold-water pumps, since the pressure exerted by the 
leather varies with the water pressure. A cup-leather packing for a 




Fig. 438. Cup-leather 
Packing. 


Fig. 439. Double- 
leather Packing. 



Fig. 440. U-leather 
Packing. 



Fig. 441. 


Plunger with Metal Packing Ring. 


double-acting pump is shown in Fig. 439. For very heavy pressures, 
the U-leather packing, Fig. 440, has given the best satisfaction. 

The water end is often 
fitted with a plimger instead 
of a piston, as in Figs. 441 
and 442. The piston is more 
compact, but the plungers do 
not require a bored cylinder, 
so that the first cost is not 
materially different. 

Figure 441 shows a plunger 
with metal packing ring. 
When leakage becomes exces- 
sive it is necessary to renew 
the ring, which is readily re- 
moved. 

In Fig. 442 the plunger is 
packed with the hydraulic 
packing, as in the follower 
type of pump piston. The 
great difficulty with the above 
t3rpes of piston and plunger is 
in keeping the packing tight 
or in knowing when it is leak- 
ing, and the trouble necessary to replace the packing. The outside- 
packed plunger, Fig. 433, obviates these dis^vantages to a great 





Fig. 442. Plunger with Hydraulic Packing Ring. 
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extent, since leakage is readily detected and repacking is performed with- 
out removing the cylinder heads. In dirty or dusty locations, however, 
the piston pump or inside-packed plunger is to be preferred, since the 
abrasive action of the dust renders outside^pacidng difficult. Figure 443 
illustrates a high-duty elevator pump with outside-packed plunger. 



Fig. 443. Horizontal Flywheel Pump with Outside-packed Plunger. 


!871. Performance of Piston Pumps. — The mechanical efficiency of the 
water end of a piston pump is very high, since there is very little friction to 
overcome. Tests conducted on direct-acting steam pumps show mechan- 
ical efficiencies (water-end i.hp. divided by steam-end i.hp.) ranging from 
90 to 99 per cent. With very small pumps operating against low heads, 
the efficiency may be as low as 50 per cent because the ratio of the friction 
of the packing and stuffing box to total pressure acting on the piston 
increases with the decrease in head. Overall mec.Xhyd. efficiencies 
(actual water hp. delivered divided by steam-end i.hp.) are considerably 
less and vary within wide limits because of short-stroking and slip past 
piston and valves. Pump slip varies from 2 to 40 per cent or more, 
depending upon the design and condition of the pump and valves and the 
number of strokes; an average value for piston and plunger pumps in 
first-class condition is 8 per cent when operating at rated capacity. How- 
ever, to allow for possible short-stroking and leakage caused by wear, it 
is customary to make a liberal allowance and the actual delivery is usually 
assumed to be about 85 per cent of the piston displacement. Direct- 
acting pumps as a class are very wasteful of fuel and low in thermal effi- 
ciency, largely because of the non-expansive use of steam and slow-speed 
operation. Rankine-cycle ratios at rated capacity vary from 15 per cent 
in the smallest sizes to about 60 per cent in the larger units, corresponding 
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to water rates of approximately 250 to 72 lb. per i.hp-hr. for the usual 
saturated steam conditions. The simplex design, because of the lower 
clearance volumes and better steam distribution, is from 10 to 20 per cent 
more economical in the use of steam than the duplex of equal capacity. 
The average single-expansion direct-acting boiler-feed pump, when 
operating under service conditions, uses approximately 5 per cent of the 
boiler steam; but if the pump exhaust is utilized in heating the feedwater, 
the net heat consumption is somewhat less than 0.1 per cent. Compound 
direct-acting pumps running non-condensing use from 40 to 100 lb. of 
steam per i.hp-hr., depending upon the steam conditions and the ratios 
of the steam-cylinder diameters. Single-cylinder flywheel pumps of the 
slow-speed type, running non-condensing, use about 50 lb. of steam per 
i.hp-hr. Multi-cylinder flywheel pumps of the high-duty type use about 
25 lb. per i.hp-hr. when running non-condensing, and as low as 10 lb. 
when operating condensing. High-grade direct-connected motor-driven 



M^unbor of SioRle Stxnkes oeo: Minute 


Fig. 444. 

power pumps have an overall efficiency from line to water load, at nor- 
mal rating, of about 80 per cent. The efficiency of geared pumps at 
normal rating varies with the character of the gearing and the degree of 
speed reduction, and may range anywhere from 25 to 75 per cent. The 
steam consumption of all direct-acting steam pumps appears to decrease 
with the increase in speed, as shown in Fig. 444, the curves of which were 
plotted from a number of scattering tests. 

Nearly all t 3 rpes of direct-acting piston pumps can be operated with a 
moderate amount of superheat before serious operating difficulties arise, 
the exact amount, of course, depending upon the design and construction. 
With 25 deg. fahr. of duperheat the water rate of the single-expansion 
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simplex or duplex pump may be reduced from 10 to 15 per cent, and with 
50 deg. superheat from 15 to 20 per cent. 


Example 69. — A small direct-acting duplex pump uses 150 lb. of steam 
per i.hp-hr. Gage pressure 150 lb. per sq. in., feedwater temperature 64 
deg. fahr. Required the per cent of rated boiler capacity necessary to 
operate the pump. 

Tooor 

Solution. — The steam pres- 
sure pumped against, 150 lb. 
per sq. in., is equivalent to 
150 X 2.3 = 345 ft. of water. 

The friction through the 
valves, fittings, and pipe, and 
the vertical distance between 
suction and feedwater inlet, 
are assumed to be equiva- 
lent to' 20 per cent of the 
boiler pressure, giving a total 
head of 150 + 30 = 180 lb. 
per sq. in. or 414 ft. of water. 

A boiler horsepower, taking 
into consideration leakage 
losses and the steam used 
by the feed pump, will be 
equivalent to the evaporation 
of approximately 32 lb. of 
water per hr. from a feed 

temperature of M deg. fahr. “ » ™ 

to steam at 150 lb. gage. 445 ^ 

The actual work done in 

pumping 32 lb. of water against a head of 414 ft. is 



414 X 32 = 13,248 ft-lb. 


This corresponds to 

13,248 


60 X 33,000 = 0.0067 hp. 


The total heat of 1 lb. of steam above 64 deg. fahr. is 1163 B.t.u. The 
heat delivered to the pump per i.hp-hr. is 

1163 X 150 = 174,450 B.t.u. 


The amount used by the pump for each boiler horsepower, disregarding 
efficiency, is 

174,450 X 0.0067 = 1168 B.t.u. per hr. 

The overall efficiency of the average feed pump ranges from 50 to 85 
per cent, depending upon its condition and the number of strokes per min. 
Assuming it to be 65 per ceht, the heat used by the pump per hr. to deliver 
32 lb. of water into the boiler is 

1168 0.65 = 1796 B.t.u. 
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A boiler horsepower is equivalent to 33,479 B.t.u. per hr. Therefore 
the per cent of boiler output necessary to operate the pump is 

100 X 1796 33,479 = 5.36 per cent. 

If the exhaust steam is used for heating the feedwater, the consumption 
of the pump will be approximately 0.1 per cent of that absorbed by the 
boiler. Thus: 

The actual i.hp. required to pump 32 lb. of water into the boiler, assum- 
ing an efficiency of 65 per cent, is 

0.0067 0.65 = 0.0103. 

Allowing a 10 per cent heat loss in the pump, pipe lines and heater, the 
heat equivalent of the work actually required to feed 32 lb. of water into 
the boiler is 

0.103 X 2547 0.9 == 31.4 B.t.u. 

This corresponds to 100 X 31.4 33.479 = 0.095 per cent, or approxi- 

mately 0.1 per cent of the heat absorbed by the boiler. 


Pump performances are generally given in terms of the foot-pounds of 
work done by the water piston per thousand lb. of dry steam or per million 
B.t.u. consumed by the engine, thus: 


1 . 


Duty - 


Foot-pounds of work done 
Weight of dry steam used 


X 1000 


2. Duty - Fuot-pounA of work done 

Total number of heat umts consumed ' ' 


(251) 

(252) 


(See A.S.M.E. Code for conducting duty trials of pumping engines, 
Trans. A.S.M.E., Vol. 37, 1915.) 


Example 70. — A compound feed pump used 100 lb. of steam per 
i.hp-hr.; i.hp., 48; capacity, 400 gal. per min.; temperature of water, 
200 deg. fahr.; total head pumped against, 175 lb. per sq. in.; steam 
pressure, 100 lb. gage; moisture in the steam, 3 per cent. Required the 
duty on the dry steam and on the heat-unit basis. 


Solution. — 175 lb. per sq. in. is equivalent to 175 X 2.4 = 420 ft. of 
water at 200 deg. fahr. 

Weight of 400 gal. of water at 200 deg. fahr. = 400 X 8.03 = 3212.1b. 
Work done per min. = 3212 X 420 = 1,349,040 ft-lb. 

Weight of dry steam supplied per min. 


100 X 48 
60 


X 0.97 = 77.6 lb. 


B.t.u. supplied per min. 
^ 100 X 48 
60 


(0.97 X 879.8 + 309 - 200 32) = 79,552. 
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Duty per thousand lb. of dry steam 

= X 1000 » 17,384,150 


Duty per million B.t.u. 


1,349,040 

79,552 


X 1,000,000 = 16,958,000 ft-lb. 


Table 85 may be used in approximating the duty, thus: 

The overall^ efficiency of the pump in the preceding problem is 


Efficiency = 


water hp. 
i.hp. 


1,349,04C 
33,000 X 48 


85 per cent. 


At the intersection of vertical column 85 and horizontal column 
100 of Table 82, we find 16.82 millions. See, also, Table 63. 


212 . Size of Direct-acting Steam Pumps. — Let 

D = diameter of water cylinder, in. 
d = diameter of the steam cylinder, in. 

L = length of stroke, in. 

N = number of working strokes per min. 

H = head in feet between suction and boiler water level. 

R = resistance in lb. per sq. in. between suction level and boiler water 
level due to valves, pipes, and fittings. 
p = boiler pressure, lb. per sq. in. 
p' == steam pressure on the piston, lb. per sq. in. 

C == ft. of water equivalent to one lb. per sq. in. pressure. 

S = ratio of the water actually delivered to the piston displacement. 
W = weight of water delivered, lb. per hr. 

I = indicated horsepower of the pump at maximum capacity. 

E = mechanical efficiency of the pump, taken as the ratio of the br.hp. 
at the discharge opening to the i.hp. of the pump, steam end. 


Then 

TF = ^~.:^X60 X 62.5 X S = 1.7 D^LNS (253) 
4 144 12 

D = 0.77 VW/LNS. (254) 

d = D V(p + K + H -i- C)/p' (255) 

I =’Wl(p + R)C+ H)]-h (33,000 X 60 X S) (256) 


In average practice the piston or plunger displacement is made about 
twice the capacity found by calculation from the maximum amount of 
water required for the engine, to allow for leakage, steam consumption 
of the auxiliaries, and blowing off. 

1 Mechanical X hydraulic. 
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For pumps with strokes of 12 in. or over, the speed of the plunger or 
piston is usually limited to 100 ft. per min. as a maximum, to insure 
smooth running. For shorter strokes a lower limit should be used. The 
maximum number of strokes ranges from 100 for strokes over 12 in. in 
length to 200 for strokes under 5 in. Boiler-feed pumps should be designed 
to give the desired capacity at about one-half the maximum number of 
strokes or less. 


TABLE 86 

MAXIMUM HEIGHT TO WHICH A PUMP CAN UFT WATER BY SUCTION AT DIFFERENT 

TEMPERATURES 


(Barometer 29.92) 


Temperature, 
Deg. Fahr. 

Maximum Lift, Ft. 

Theoretical 

Favorable 

Conditions 

Average 

Conditions 

40 

33 6 

28 

25 

50 

33.5 

27 

24 

60 

33 4 

26 

2 d 

70 

33 1 

25 

20 

80 

32 8 

23 

18 

90 

32 4 

21 

16 

100 

31 9 

19 

13 

110 

31 3 

17 

11 

120 

30 3 

14 

9 

130 

29 2 

12 

6 

140 

27.8 

10 

4 

150 

25 4 

7 

2 

160 

23.5 

5 

0 

170 

20 3 

2 

*2 

180 

16 7 

*1 

*5 

190 

12 8 

*3 

*7 

200 

7.6 

*5 

*9 

210 

1.3 

♦8 

*11 


* Pressure head. 


Pump slip varies from 2 to 40 per cent, depending upon the condition of 
the piston and valves and the number of strokes. An average value for 
piston and plunger pumps in first-class condition is 8 per cent when opera- 
ting at rated capacity, but it is wise to allow a much larger figure, say 20 
per cent, for leakage caused by wear. 

The area of the steam cylinder of a boiler-feed pump ranges from two 
to three times that of the water end, to allow for the various friction 
losses and to permit the pump to operate at reduced steam pressures. 
The total head pumped against includes the suction lift, friction of valves 
and fittings, the distance between the suction inlet and the boiler level, 
and the boiler pressure. The total head ranges in practice from 1.1 to 
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1.6 times the pressure in the boiler. When specific data are not available, 
the factor is ordinarily taken as 1.25. The application of equations (253) 
to (256), including the practical considerations stated above, is best illus- 
trated by a specific example. 

Example 71. — Calculate the size of direct-acting single-cylinder boiler- 
feed pump necessary to supply water to 1000 hp. of boilers operating at 
rated capacity. Gage pressure 100 lb. per sq. in., feedwater temperature 
150 deg. fahr. 

Solution. — One boiler hp-hr. is equivalent to 34.5 lb. water from and 
at 212 deg. fahr. or 31.2 lb. from a feedwater temperature of 150 deg. 
fahr., to dry steam at 100 lb. gage, therefore 

W = 31.2 X 1000 = 31,200 lb. per hr. 

To allow for wear and leakage, assume = 0.80. 

Taking the maximum piston speed as 100 ft. per min. and assuming that 
the rated capacity is to be furnished with the pump operating at half the 
maximum speed, we have 

LN = 100 X 12 2 = 600 in. per min. 

Substituting these values in equation (254) and reducing 

D = 0.77 V31, 200/(600 X 0.8) = 6.2 in. — call it 6 in. since the 
assumptions have been liberal. 

Assume the total head to be 1.25 p, i.e. p + R+ H‘^C = 1.25 p, 
p' - 0.50 p and E = 0.65. 

Substituting these values in equation (255) and reducing 

d = 6 \/1.25 X 100/ (0.50 X 100) = 9.5 in., or, say, 10 in. 

On a basis of 100 strokes per min. as the maximum speed, 

L = LAT 4- 100 == 1200 4 - 100 = 12 in. 

The dimensions of the pump, therefore, will be 10 X 6 X 12. 

The i.hp. at rated load may be obtained by substituting the proper 
values in equation (256), thus: 

j _ 31,200 X 1.25 (100) X 2.35 _ 7 . • 

33,000 X 60 X 0.65 ^ P' 

273. Power Pumps — Piston Type. — Kston pumps, geared, belted, 
or direct-connected to electric motors, gas engines, and water motors, are 
used chiefly in industrial plants. Their general utility is evidenced by 
the rapidly increasing number installed in situations formerly occupied 
by the direct-acting steam pump. The efficiency of this type of pump 
depends in a large measure upon the character of the driving motor and 
the efficiency of the transmitting mechanism. High-speed power pumps 
ditoct-connected to electric motors give efficiencies from line to water 
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horsepower as high as 83 per cent, while the lownspeed geared type seldom 
exceeds 70 per cent. The curves in Fig. 447 give the performance of a 
direct-connected triplex pump, and 
those in Fig. 448 the performance of 
a triplex pump geared to an electric 
motor. Both of these performances 
are exceptionally good and are consid- 
erably above the average. 

The torque required to start plunger 
pumps may range from 125 to 250 
per cent of normal full torque, depend- 
ing primarily upon the tightness of the 
stuffing boxes and fit of pistons or 
plungers. Large pumps are frequently 
equipped with a by-pass for relieving 
the pressure during the starting period, 
thereby decreasing the initial torque re- 
quired from the driving motor. With 
direct-current supply, compound mo- 
tors having about 20 per cent series 
winding are recommended for this class of pumps, for both constant and 
variable speed operation. A compound motor of this design wiU provide 

the necessary starting 
torque without excess 
inrush of current. 
With alternating-cur- 
rent supply, squirrel- 
cage motors are per- 
missible up to and 
including 5 hp. pro- 
vided the power com- 
pany will permit mo- 
tors of this capacity 
to be thrown di- 
rectly on the line. 
For larger capacities, 
wound-rotor motors 
of either the slip-ring 
or automatic self- 
starting type should 
be used since they develop the required initial torque without excessive 
line current. The squirrel-cage type of motor is inherently a constant- 



Fig. 447. Performance of a 65-hp. Motor-driven 
Triplex Pump. Geared Type. 
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speed machine and there is no satisfactory way of adjusting its speed. 
"WTiile speed adjustments are obtainable over a considerable range with 

a wound-rotor motor having 
resistance connected in series 
with the rotor, the number of 
operating speeds is limited to 
the number of points in the 
controller. For variable-speed 
service, the brush-shifting type 
g of a.c. motor is finding favor 
200 ^ with many engineers because 
1 it has starting characteristics 
^ < similar to those of the slip-ring 
type and at the same time the 
efficiency is better at reduced 
speeds. 

274. The Pulsometer. — This 
pump, representative of the 
direct steam-pressure type, is 
frequently used where compara- 

(P«nd.; quantities of water 

Fig. 448. Performance of a Motor-driven /onnn 

TOplex Pump. Dimct Connected. (^OOO gal. per mm and under) 

are to be lifted to moderate 

heads (75 ft. and under) and where low first cost, portability and sim- 
plicity of installation are essential factors. Pulsometers are adapted to 
the pumping out of sumps where the water is dirty and ^ 

gritty, and to the handling of paper-mill pulp and 
the like. The steam consumption is approximately ‘ 
that of a duplex steam pump of equal capacity. F \ 
Referring to Fig. 449, the operation is as follows: The I 1 

pump is first primed by pouring water into the vessel J V- J \ 
through a plugged opening. Steam is then admit- ^ 

ted into the right-hand chamber, which forces the 
water through the discharge valve by direct pressure. 

The moment the water falls to the level of the open- 

ing leading to the discharge chamber, the even surface 

of the water is broken up, and, owing to the peculiar 

form of the pump chambers, the water and steam are ‘te?" 

thoroughly churned up and brought into intimate con- ® 

tact, causing instant condensation of the steam. This 

creates a part;ial vacuum in the chamber, pulls the ball valve over the inlet 

opening, and shuts off the steam. Water then flows through the suction 


iSKiasisss 




Pig. 449. The Puls- 
ometer. 
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opening into the vacuum chamber. While the right-hand chamber is 
filling up, the left-hand chamber is emptying. The cycle continues in 
this manner as long as the pump is supplied with steam and water. 

5576. Injectors. — As a boiler feeder, the injector is an eflSicient and 
convenient device, cheap and compact, with no moving parts; it delivers 
hot water to the boiler without preheating, and has no exhaust steam to 
be disposed of. Its adoption in locomotives is practically universal, but 
in stationary practice it is limited to small boilers or single boilers or as 
a reserve feeder in connection with pumps. The objections to an injector 
are its inability to handle hot water, the difficulty of maintaining a con- 
tinuous flow under extreme variation of load, and the uncertainty of 
operation under certain conditions. Figure 450 illustrates the simplest 



form of single-tube injector. Boiler steam is admitted at A and, flowing 
through nozzle and combining tube to the atmosphere through G, partially 
exhausts the air from pipe 5, thereby causing the water to rise until it 
comes in contact with the steam. The steam emerging from nozzle C 
at high velocity condenses on meeting the water and imparts considerable 
momentum to it. The energy in the rapidly moving mass is sufficient 
to carry it across opening 0, lift check E from its seat, and force it into 
the boiler. The steam then ceases to escape at G. 

Positive Injectors. — Figure 451 shows a section through a Hancock 
injector, illustrating the principles of the double-tube positive type. Its 
operation is as follows: Overflow valves D and F are opened and steam 
is admitted, which at first passes freely through the overflow to the atmos- 
phere and in so doing exhausts the air from the suction pipe. This causes 
the feedwater to rise until it meets the jet of steam, and the two are forced 
through the overflow. As soon as water appears at the overflow, valve 
D is closed, valve C partially opened, and valve F closed. This admits 
steam through the forcing jet W and, the overflow valves being closed, 
the water is fed into the boiler. In case the action is interrupted for any 
reason, it is necessary to restart it by hand. 
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The chief advantage of the double-tube positive type lies in its ability 
to lift water to a greater height and to handle hotter water than the single- 
tube. Its range in pressure is also greater, that is, it will start with a lower 
steam pressure and discharge against a higher back pressure. Double- 
tube injectors are used almost exclusively in locomotive work. 



Overflow 


Fio. 451. Hancock Double- 
tube Injector. 



Injector. 


Aviomatic Injectors. — Figure 452 shows a section through the Pen- 
berthy injector. Its operation is as follows: Steam enters at the top 
connection and flows through suction tube c into the combining tube d 
and into chamber g, from which it passes through overflow valve n to the 
overflow m. When water is drawn in from the suction intake and begins 
to discharge at the overflow, the resulting condensation of the steam 
creates a partial vacuum above the movable ring h, and the latter is 
forced against the end of tube c, cutting off the direct flow of water to the 
overflow. The water then passes into the boiler. Spill holes t, i, i are 
for the purpose of relieving the excess of water until communication with 
the boiler has been established. The action of opening and closing the 
overflow is entirely automatic. Where the conditions are not too extreme, 
the automatic injector is to be preferred for stationary work because of 
its restarting features. It is also used on traction, logging, and road 
engines, where its certainty of action and special adaptability render it 
invaluable for the rough work to which such machines are subjected. 
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Injectors, Theory of: Trans. A.S.M.E., lQ-339; Sibley Jour., Dec., 1897, p. 101; 
Power, May, 1901, p. 23; Theory of the Steam Injector, Kneass. 

Injectors, General Description: Power, Mar. 21, 1922, p. 460. 

276. Performance of Injectors. — Since the heat given up by the steam 
must be equal to that absorbed by the feedwater, plus the heat equivalent 
of the work done in forcing the water into the boiler, plus any heat loss 
to the surroundings, the performance of an injector inay be calculated 
from the relationship 

H -q2 = w(q2- qo) + l(w + l)h^ + wK + F)]/77S (257) 

in which 

H = heat content of the steam supplied to injector, B.t.u. per lb. above 
32 deg. fahr. 

q 2 = heat content of the water discharged from injector, B.t.u. per lb. 

qo = initial heat content feedwater temperature, B.t.u. per lb. 

w = lb. of water delivered per’ lb. of steam supplied. 

hi = boiler pressure expressed in ft. of water. 

ho = suction lift, ft. 

F = friction and loss to surroundings, ft-lb. 

For all power plant purposes, it is sufficiently accurate to neglect the 
quantity in brackets and to assume that qo = to — 32 and q^ = h — 32 
{to = initial and h = final temperature of the water, deg. fahr.). The lb. 
of water delivered per lb. of steam supplied may then be expressed, 

w = {H - k + ^2) ^ {h- to). (258) 

Figure 453 gives the performance of a Desmond ” automatic injector 
as tested at the Armour Institute of Technology. The curves were plotted 
from the simplified eejuation (258) and the circles represent actual test 
data. The close agreement between calculated and observed data is 
evident. 

Referring to Fig. 453, A, it will be seen that the weight of water de- 
livered per lb. of steam decreases as the initial pressure is increased, all 
other factors remaining the same. From Fig. 463, B, it will be noted 
that the weight of water delivered per lb. of steam decreases as the tem- 
perature of suction supply is increased, up to a point where the injector 
‘‘ breaks ” or becomes inoperative. This critical temperature varies with 
the different types of injectors, being highest for the double-tube type, 
but seldom exceeds 160 deg. fahr. Figure 453, C, shows that the weight 
of water delivered per lb. of steam is practically constant for all discharge 
pressures within the limits of the apparatus. 
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In selecting an injector, the following information is desirable for best 
results: 

1. The lowest and highest steam pressure carried. 

2. The temperature of the water supply. 

3. The source of water supply, whether the injector is used as a lifter 
or non-lifter. 

4. The general service, such as character of the water used, whether 
the injector is subject to severe jars, etc. 

DlBchanre Pressure, Lb> per Sq. In. Gage 



66 66 76 86 95 106 116 

Suction Temperature, Deg. Fahr. 

Fig. 453. Performance of an Automatic Injector. 

From a purely thermodynamic standpoint, the efficiency of an injector 
is nearly perfect, since the heat drawn from the boiler is returned to the 
boiler again, less a slight radiation loss. As a pump, however, the injec- 
tor is very inefficient and requires more fuel for its operation than very 
wasteful feed pumps. This is best illustrated by an example: 

Example 72. — Compare the heat consumption of a high-grade injector 
with that of an ordinary duplex boiler feed pump when feeding water to a 
boiler. Make all necessary assumptions. 

Solution. — An injector "of modern design will deliver, say, 13 lb. of 
water per lb. of steam under the following conditions: initial steam pres- 
Bjjre 115 lb. abs.; feedwater 60 deg. fahr.; delivery temperature 140 deg. 
fshr. ; suction lift 3 ft. From steam tables, heat content of 1 lb. of steam 
at 115 lb. abs. = 1188.8 B.t.u. Neglecting radiation and friction, the 
heat required to deliver 1 lb. of water to the boiler = 

[1188.8 - (140 - 60)1 -M3 = 85.3 B.t.u. 

A simple direct-acting duplex piunp consmnes, say, 200 lb. steam per 
i.hp-hr. Assume the extreme case where the exhaust steam will not be 
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used for heating the feedwater and the latter is fed into the boiler at 60 
deg. fahr. 

The heat supplied to the pump per i.hp-hr., 

200 [1188.8 - (60 - 32)] = 232,160 B.t.u. 

Assuming the gross overall efficiency of 50 per cent, the heat re- 
quired to develop 1 hp-hr. at the water end will be 

232,160 0.50 = 464,320 B.t.u. per hr. 

Since the steam pressure is 100 lb. gage, the equivalent head of water 
at 60 deg. fahr. is 

2.3 X 100 = 230 f u. 

Assume the friction in the feed pipe, the resistance of valves, etc., to 
be 30 per cent of the boiler pressure; the total head pumped against will 
be 

230 + 69 = 299, say 300 ft. 

Since 1 hp-hr. = 1,980,000 ft. lb. per hr., 

1,980,000 


300 


= 6600 lb. per hr., 


that is, 1 hp. at the pump will deliver 6600 lb. of water per hr. to the boiler 
against a head of 300 ft. 

The heat consumption per lb. of water delivered, 

464,320/6600 = 70.3 B.t.u. 


Under the assumed conditions, the injector requires 85.3 B.t.u. to 
deliver 1 lb. of water, against 70.3 B.t.u. for the pump (with the better 
grades of pumps this disparity is considerably greater). This refers to 
the performance of the injector solely as a pumping mechanism. As a 
boiler feeder, however, the injector returns practically all of the 85.3 
B.t.u. to the feedwater, so that its efficiency is virtually 100 per cent. 
Although the injector has a perfect efficiency as a boiler feeder, it is not 
necessarily the most economical means for feeding a boiler, because of its 
inability to operate with hot water, and the effect is equivalent to heating 
the feedwater by live steam. 

5577. Rotary Pumps. — Rotary pumps are occasionally used for circu- 
lating cooling water in condenser installations, and give about the same 
efficiency as centrifugal pumps under similar conditions of operation. 
For moderate pressure and large volumes, they offer the advantage of low 
rotative speed, thus permitting direct connection to slow-speed steam 
engines. At high speeds they are noisy, owing chiefly to the gearing. 
They occupy considerably less space than piston pumps of the same 
capacity, but require more room than the centrifugal type. 

Figure 454 shows a section through a two-lobe cycloidal pump. The 
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shafts are connected by wheel gearing, the power being applied to one of 
the shafts. The water is drawn in at I and forced out at 0, the displace- 
ment per revolution being equal to four times the volume of chamber A, 
There is no rubbing between impellers and casing. In this type of pump 
the pressure is independent of the speed of rotation, and the capacity 
varies almost directly with the speed. The slip varies from 5 to 20 per 
cent according to the discharge pressure. 

Figure 455 shows a section through a rotary pump with movable hut- 
ment. Figure 456 illustrates the performance of a 45-mm. Siemens- 
Schuckert rotary pump at different speeds and discharge pressures. 



Fig. 454 Fig. 455 


{Zeit. d, Ver. Deut. Ing,, June 24, 1905, p. 1040.) Large rotary pumps 
give much higher efficiencies, but the general characteristics arc about 
the same.’ A combined efficiency of pump and engine as high as 84 per 
cent has been recorded. {Trans, A.S,M,E,f Vol. 24, p. 385.) 

Screw pumps may be grouped with the rotary positive-displacement 
class. The Quimby screw pump is one of the best-known examples of 
this type of pump and consists essentially of two right and left square- 
thread screws revolving in a double casing. The liquid to be pumped 
is drawn in at the outer ends of the cylinder and forced toward the center 
by the action of the two pairs of intermeshing threads. The discharge 
is from the center of the casing. Power is applied to one of the screws 
and the second is driven by means of a pair of gears. The screws run 
in close fit with the casing but without actual contact. Quimby pumps 
operate at speeds varying from 600 to 1500 r.p.m., depending upon the 
size and service for which they are intended. 

278 . Centrifugal Pumps. — There is still a wide field of application for 
piston pumps in small power plants and for certain industrial purposes, 
particularly where the quantity of fluid to be handled is small and the 
head pumped against is high; and, under certain conditions, the rotary 
or screw type of pump may be installed to advantage; but in a gener^ 
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sense the centrifugal pump has practically supplanted all other types, 
because of its compactness, simplicity, balanced rotary motion, absence 
of valves and pistons, unifonn pressure and flow, freedom from shock, 
ability to handle dirty water, and high rotative speed, permitting direct 
connection to electric motors or steam turbines. In the large modern 
power plant the boiler-feed, circulating, condensate and other auxiliary 




Fig. 456 

pumps are all of the centrifugal type. Efficiencies as high as 87 per cent 
have been realized with special designs, and 80 per cent is a common 
performance for the better grade of pumps, while the lift is practically 
limited only by the speed of the impeller. While this efficiency is not as 
high as that of a first-class piston pump, the other advantages more than 
offset this disadvantage. Triple-expansion flywheel pumping engines 
show higher duties and, therefore, greater heat economies than the best 
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turbine-driven centrifugal pumps, but that this advantage does not offset 
the lower first cost of the centrifugal pump equipment is evidenced by the 
increasing number of installations of the latter for waterworks service. 

Centrifugal pumps consist of two essential elements, (1) a rotary im- 
peller which draws in the water at its center, and (2) a stationary casing 
which guides the water to and from the impeller. The centrifugal force 
set up by rotation of the impeller throws the particles of water outward, 
imparting energy to them. At exit from the impeller, the gain of energy 
appears partly as pressure (potential energy) and partly as velocity 
(kinetic energy). For maximum efficiency, as much as possible of this 
kinetic energy must be transformed into pressure. This is accomplished 
in two ways, (1) by a plain casing of spiral or volute design forming a 
gradually increasing water or whirlpool ” chamber which minimizes 
shock and converts velocity head to pressure head, and (2) by fitting the 
casing with a series of guide or diffusion vanes which effect the same result. 
Pumps equipped with spiral casings are known as volute pumps, while 
those fitted with diff^ision vanes are known as turbine pumps. 

Figure 457 gives an end view of a typical volute pump with end plate 
removed so as to expose the impeller, and Fig. 458 shows a section through 
a modem constmction. The impeller may be open as in Fig. 459, JS, or 

closed as in Fig. 459, A. The open design is 
used only in the cheaper pumps and for 
pumping sewage. Volute pumps are usually 
of single-stage construction and are designed 
for heads of 150 ft. and under, though they 
are not necessarily limited to low heads and 
to single stages. Since the head is limited 
only by the peripheral speed of the impeller, 
it is evident that a given lift may be obtained 
by a large-diameter impeller revolving at low 
rotative speed or a small-diameter impeller 
Fig. 467^ Centrif- Qpgrating at high rotative speed. Increase in 

impeller diameter, however, means increased 
area of frictional surface, causing a rapid increase in power loss. There- 
fore, the smaller the impeller diameter and the higher the rotative speed, 
the higher the efficiency, a condition also true of the driving member. 
The limiting dimension to which the diameter can be reduced is that of 
the inlet eye through which the water must enter at moderate velocity. 
For very large capacities and high speeds, several impellers operating in 
parallel are preferred to a single rotor, in order to keep down the size. The 
two-impeller design is known as a bi-rotor pump and the three-impeller de- 
sign as a tri-rotor pump, and so on, depending upon the number of impellers. 
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Figure 460 shows a section through a three-stage pump illustrating the 
turbine type which is usually of multi-stage design. The multi-stage 
pump is in reality a number of single pumps arranged in series in a single 



Fig. 458. Typical Single-stage, Double-suction, Volute Pump. 


casing, the discharge from the first pump being directed into the suction 
of the second, and so on. The delivery pressure oi the last stage is ap- 
proximately the sum of the heads of each stage. 



Centrifugal pumps may be belted, geared, or direct-connected to any 
type of prime mover or auxiliary drive, the kind of drive depending upon 
the size, type and load characteristics of station. Being a relatively 
high-speed machine, it is well suited to steam-turbine and motor drives. 
In the older stations, practically all centrifugal pumps were steam-driven; 
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but in the modem plant, the tendency is toward motor drives or a com- 
bination of steam and motor drives, the distribution of steam and motor- 
driven auxiliaries depending upon the method of establishing the station 

heat balance. 

The average centrifugal pump re- 
quires from 20 to 30 per cent of full 
torque at starting and 50 to 60 per 
cent of full torque at approximately 
full speed, provided the discharge valve 
is closed. If the discharge valve is 
open during the starting period the 
initial torque will be the same, but full- 
load torque will be required at normal 
speed. With direct-current supply the 
motor drive for constant speed may be 
either of the shunt-wound or compound 
series. The discharge valve of the pump 
should be closed in starting shunt-wound 
motors and preferably so with the compound. For variable speed the 
compound motor with about 10 per cent series winding is ordinarily 
employed, whether speed adjustment is by field or armature operation. 



Fig. 459a. Diffusing Ring for Turbine- 
type Centrifugal Pump. 



Fig. 460. Worthington Three-stage Turbine Pump. 


With alternating-current supply, the synchronous, squirrel-cage, slip- 
ring and brush-shifting types of motors are used, depending upon the 
nature of the service and the electric system available. Synchronous 
motors are applicable only to the larger pumps operating uninterruptedly 
at constant speed against constant head, but are favored because of the 
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possible power-factor correction and first cost. The application of this 
type of motor to centrifugal pumps is restricted to some extent by its 
comparatively low speed limitation. The squirrel-cage motor has a 
definite limit to the starting torque it will develop and cannot be started 
by a direct connection across the line except in small sizes. The general 
method of starting is to apply reduced voltage to the primary member, 
and, when the rotor is 
up to speed, to throw 
it on the full-line voltage. 

For adjustable-speed ® 
operation, the slip-ring ^ 
and the brush-shifting 
types are used. The 
latter is recommended 
where considerable speed 
reduction is to be ef- 
fected. The curves in 
Fig. 461 show the rela- 
tion between input and 
capacity for a centrifugal 
pump driven by different types of motors, and serve also to show the 
desirability of varying pump capacity by change of speed instead of by 
throttling. For maximum efficiency and satisfactory operation, the pump 
and drive should be considered as a unit and selected accordingly. 



1000 1200 
Cations per Minute 

Fig. 461. Relation between Injt jt and Capacity 
for Different Types of Motors. 
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Centrifugal Pumps: R. L. Daugherty, McGraw-IIill Book Co. 

The Centrifugal Pump: Power Plant Engrg., Feb. 15, 1923, p. 218; Aug. 15, 1920, 
p. 785; Power, May 3, 1921, p. 698; May 17, 1921, p. 779; Oct. 16, 1928, p. 639. 
Fitting the Electric Motor to the Pump: Power, Dec.. 18, 1923, p. 976 
Electric-motor Drives for Pumps: Power, July 5, 1921, p. 2. 

Induction Motors Driving Centrifugal Pumps: Power, Aug. 26, 1919, p. 324. 
Electrically Driven Auxiliaries: N.E.L.A. Publication No. 24-31, Dec., 1924. 
Electric Motors for Drimng Pumps: Power, Sept. 5, 1922, p. 363. 


279. Performance of Centrifugal Pumps. — The design and theory of 
centrifugal pumps is beyond the scope of this text, and the reader is re- 
ferred to the accompanying bibliography for extended stud 3 \ The funda- 
mental principles involved in the performance of centrifugal pumps are 
similar to those of centrifugal fans and may be briefly stated as follows: 

(1) The speed, F, in ft. per sec., of a point on the periphery of the im- 
peller is equal in velocity to water fallin g fro m the same height as the 
head in ft. pumped against, A, or F = ^2gh, in which g = acceleration 
of gravity or 32.2 ft. per sec. Conversely, the maximum theoretical 
head or lift is A = FV2 g. 
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(2) For a constant diameter of impeller (a) the quantity pumped will 
vary as the speed, (6) the head will vary as the square of the speed, and 
(c) the power will vary as the cube of the speed. 

(3) For a constant speed and change in diameter of the impeller, (a) 
the quantity pumped varies as the diameter of the impeller, (b) the head 
varies as the square of the diameter, and (c) the power varies as the cube 
of the diameter. 

These laws are not strictly true, but the departure is small. 

Example 73. — The impeller of a centrifugal pump is 15 in. in diameter. 
At what speed must it operate to lift water to a height of 100 ft? 

Solution. — V = V2 gh = V64.4 X 100 = 80.4 ft. per sec. or 4824 ft. 
per min. 

V = 2 irm 

4824 = 6.28 X 0.625 X n. n = 1230 r.p.m. 

This is the speed necessary to lift the water to a height of 100 ft., but 
in order to actually deliver water the speed must be increased in order to 
overcome friction and impart velocity to the water. 

The velocity of water at the discharge opening of the pump varies in prac- 
tice from 5 to 15 ft. per sec. A good working range is 10 to 12 ft. per sec. 
The head corresponding to the velocity of discharge may be obtained by 
substituting the discharge velocity in ft. per sec. for V in the preceding 
equation and solving for L This quantity is ordinarily so small that it 
may be neglected. The friction head may be estimated as shown in 
paragraph 309. 

The suitability of a centrifugal pump for a given service is determined 
fijom characteristic curves showing the relation of head, speed, capacity, 
power and efficiency. These curves are based on actual test results and 
vary with the design of pump. The relationship between the various 
quantities is largely controlled by the angles and curvatures of the im- 
peller blades, and the shape of the volute, or arrangement and design of the 
diffusion vanes. If the vanes are radial or inclined forward in the direc- 
tion of rotation, the head will increase with increased delivery, while if 
they are curved backwards sufficiently, the head will remain constant or 
fall off as the delivery decreases. For each set of operating conditions, 
there are certain characteristics which give the best results, and it is the 
endeavor of the manufacturer to design his pumps to meet these require- 
ments. The usual form of characteristic curves is based on constant 
speed, the curves showing the relation between head, capacity,^ efficiency, 
and brake horsepower at this speed. Many other curves can be obtained, 
however, by keeping any one of the fundamental quantities constant, and 
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by varying the others. Ordinates and abscissas are ordinarily expressed 
directly in the quantities as observed and calculated (see Fig. 462), but 
quite frequently they are based on percentages, as in Fig. 463. The 
interpretation of these curves is the same as for fan characteristics (see 
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C&lpaeity Gal. pcf Mi)). 

Fig. 462. Test Characteristics of a 16-in. Wheeler Centrifugal Pump. 

paragraph 158) and need not be discussed here. Since manufacturers 
furnish curves for their specific product, and the performances vary within 
wide limits, general curves are without purpose except for rough approxi- 
mations. 




0 10 20 80 40 60 60 70 80 90 200 1X0 120 leo 140 160 leo 

^ Capacity in Percent of Capacity at Haxlmuin EfQciency Point. 

Fig. 463. Characteristics of a Worthington “ Type-VH Class-B ” Centrifugal Pump. 

It has been stated that, for a given pump, the quantity pumped varies 
directly with the speed, the head with the square of the speed, and the 
power with the cube of the speed. The following examples illustrate the 
application of these laws to a specific case. 
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Example 74. — Using the data in Fig. ^462, calculate the capacity, 
heads, power and efficiency, if the speed is increased from 835 to 1000 
r,p.m. 


Solution. — Rated capacity at 835 r.p.m. is 2400 gal. per min. Capacity 
at 1000 r.p.m. = 2400 X 1000 835 = 2874 gal. per min. 

Head at 835 r.p.m. and rated capacity is 35 ft. Head at 1000 r.p.m. 
- 35 X (1000 835)2 ^ 5Q 2 ft. 

B.hp. at 835 r.p.m. and rated capacity is 35. Br.hp. at 1000 r.p.m. = 
28 X (1000 -5- 835)® = 48. (Actual tests of the pump in question at 
1000 r.p .m. gave the following results: Capacity, 2850 gal. per min.; 
head, 51.5 ft.; and power, 46.5 br.hp.) 

If the laws just cited are strictly true, the efficiency at 1000 r.p.m. 
must necessarily be the same as at 835 r.p.m., since the product (1000 -5- 
835) (1000 -r- 835)2 numerator is cancelled by (1000 -f- 835)® in the 
denominator, thus: 


Eff. 


Eff. at 835 r.p.m. 


Eff. at 1000 r.p.m. 


Total head (ft.) X capacity (lb. per hr.) 

33,000 X br.hp. 

35 X 2400 X 8.35 _ 

33,000 X 28 


35^X2400 


gpoo v 

vm) 


X 8.35 


33,000 X 28 


/lOPOV 

V835/ 


■ = 0.76. 


(Actual test efficiency = 0.798.) 

Size does not influence the efficiency of a centrifugal pump, provided 
the combination of head, capacity, and speed is favorable; but for the 
conditions usually met with in practice, the following efficiencies are 
conservative for rough approximations. 


Normal Capacity 
Gal. per Min. 

Eff. 

Ter Cent 

Normal Capacity 
Gal. per Mm. 

Eff. 

Per Cent 

A 

B 

A 

B 

100- 150 

50 

45 

1500-1800 

72 

■1 

200- 350 

55 

50 

2000-3000 

75 

WfBm 

400- 600 

60 

56 

3500-4500 

76 

mSM 

650- 900 

05 

62 

5000-6500 

77 

74 

950-1300 

70 

68 

Over 6500 

78 

75 


A. Single-stage up to 150 ft. head. B. Multi-stage over 150 ft. head. 


Efficiencies as high as 87 per cent have been realized with special designs 
when operating under favorable conditions, and 80 per cent is common 
practice with the larger and better grades of modem pumps, so that the 
values given above should be considered as ** average only. 
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Worthington Pump Handbook: Worthington Pump and Mach. Corp., 1927. 

Centrifugal Pumps: Trans. A.S.M.E., Hydraulic Section, Vol. 50, No. 3, Jan.-Apr., 
1928. 

Centrifugal Pumps: Power Plant Engrg., Aug. 15, 1920, p. 785; Feb. 15, 1921, p. 218. 

Parallel Discharge of Centrifugal Pumps: Power, Aug. 6, 1920, p. 554. 

280. Vacuum Pumps. — The different types of vacuum pumps em- 
ployed in steam power plant practice may be divided into four general 
classes: 

1. Wet-air pumps. 

2. Tail or removal Pumps. 

3. Dry-air pumps. 

4. Condensate pumps. 

(1) Wet-air pumps are for the purpose of withdrawing water and non- 
condensable gases from apparatus under less than atmospheric pressure. 
Standard low-level jet-condenser wet-air pumps handle simultaneously 
the circulating water, condensate, and all entrained air and are, in fact, 



Fig. 464. Characteristics of an AUis-Chalmers '^Type-S'^ Centrifugal Pump. 


a combination of circulating pump and vacuum pump. Surface-condenser 
wet-air pumps deal with the condensate and its air entrainment. W^et- 
air pumps may be of the reciprocating, centrifugal, rotary-jet, rotary, 
positive-displacement, or steam-jet type. 

(2) The terms “ wet-vacuum pump,'' “ wet-air pump," and “ tail 
pump " are often used synonymously, but in order to differentiate be- 
tween pumps handling injection water, condensate, and air, and those 
dealing only with the injection water and condensate, the term wet-air 
pump " has been applied to the former and “ tail pump " to the latter. 
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(3) Dry-air pumps are for the purpose of withdrawing the non-con- 
densable gas and entrained vapor from apparatus under a vacuum and 
discharging it against atmospheric or greater pressure. Thej'^ are, to all 
intents and purposes, air compressors. The term dry air ” is a misnomer 
since the gases exhausted are almost invariably saturated with water 
vapor. These pumps may be of the reciprocating, rotary, positive-dis- 
placement, hydro-centrifugal, or steam-jet types. 

(4) Condensate pumps are for the purpose of withdrawing condensed 
steam from surface condensers and are usually of the reciprocating, rota- 
tive or centrifugal types. 

281 . Wet-air Pumps for Jet Condensers. — Figure 465 shows a section 
of the cylinder of a Dean twin-cylinder wet-air pump as applied to a 
standard low-level jet condenser and is illustrative of the reciprocating 

type. There are three sets of valves, 
the suction or foot valves .4, A, the 
lifting or bucket valves B, and the 
head or discharge valves C, C. On 
the upward stroke of the piston or 
bucket, a partial vacuum is formed 
in the chamber between the bucket 
and the lower head, causing the water 
and air in the bottom of the barrel to 
lift the foot valves A, A from their 
seats and flow into the cylinder. On 
the downward stroke, the foot valves 
Ay A close and water and air are 
entrapped in chamber R between the 
lower head and the bucket. As the 
bucket descends, the pressure of air 
in the cylinder lifts the bucket valves 
By B from their seats and permits 
the air and water to escape to the 
upper portion S of the cylinder between the head plate and the bucket. 
On the next upward stroke, the water and air are forced through the 
discharge valves C, C into the hotwell. This discharge of water and air 
from the top compartment is simultaneous with influx of water and air in 
the lower chamber. 

Figure 466 shows a vertical section and sectional end elevation of a 
Rees Roturbo rotary-jet condenser illustrating an adaptation of the 
rotary-jet pump as a jet condenser. This pump is a development of a 
special type of centrifugal pump, the unique feature of which is the em- 
ployment of a revolving pressure chamber. The hollow impeller, Fig. 



Fig. 465. Dean Wet-air Pump. 
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466, lifts the circulating water in much the same manner as in any cen- 
trifugal pump. The space between the periphery of the impeller and the 


BtfaEanst Steam 



Oi^latlng 1 

Water 

Fig. 466. Rees ^^Rotiirbo” Jet Condenser. 


inner circumference of the fan wheel forms the mixing chamber in which 
the exhaust steam is brought into contact with radial jets of water. The 


fan wheel itself acts as an ejector and ex- 
hausts the mixture of circulating water and 
vapor. The operation is as follows: circula- 
ting water is drawn through the suction pipe 
into the revolving pressure chamber, on the 
periphery of which nozzles are arranged as 
shown in Fig, 467, and is forced through the 
nozzles in radiating jets which are arranged 
to impinge in pairs. The water jets, which 
are made fan-shaped and subdivided into 
a fine spray, are projected in lines radiating 
from the shaft (but still rotating as a whole 
with the impeller) across a space into which 
the exhaust steam blows. The circulating 
water leaving the nozzles, condensate, and 
air entrainment are picked up by the blades 
of the fan and discharged through a volute 



guide chamber to the hotwelL 


The Connersville jet condenser is a typical example of an application 
of a rotary positive-displacement wet-air pump. In this device the cir- 
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culating water, condensate, and air entrainment are handled by a Conners- 
ville, cycloidal, 3-lobe type rotary pump. (A cross section through a 
typical 2-lobe cycloidal pump is shown in Fig. 454.) 

The steam-jet type of wet-air pump is exemplified in the ejector con- 
denser. See paragraph 285. 

282. Wet-air Pumps for Surface Condensers. — These pumps exhaust 
the condensate and air entrainment from surface condensers. The 
vacuum pumps of a steam heating system also come under this head. 

The Edwards air pump, Fig. 468, is a typical example of a wet-air pump 
of the reciprocating type. Referring to Fig. 468, the condensed steam 
flows continuously by gravity from the condenser into the base of the 

pump through passage A and annular space B, 
As the piston C descends, it forces the water 
from the lower part of the casing F into the 
cylinder proper through the ports P, P. On 
the upward stroke the ports in the piston 
are closed and the air and water discharged 
through head valves D and exhaust port E to 
the hotwell. The seats of valves D are con- 
structed with a rib between each valve and a 
lip around the outer edge, so that each valve 
is water-sealed independently of the others. 
In ordinary air pumps, the clearance between 
the bucket and head-valve seat is necessarily 
large, due to the space occupied by the bucket 
valves and the ribs on the under side of the valve seating. This clear- 
ance space reduces the capacity of the pump, since the air above the 
bucket must be compressed above atmospheric pressure before it can be 
discharged, and on the return stroke will expand and occupy a space 
which should be available for a fresh supply of air from the condenser. 
In the Edwards air pump the clearance space is reduced to a minimum, 
since there are no bucket valves to limit it. The absence of suction or 
foot valves still further increases the capacity of the pump for similar 
reasons. These pumps are arranged either single, double, or triplex; 
steam, electric, or belt-driven; slow or high speed. 

Figure 469 shows a partial axial and an end section through a C. H. 
Wheeler Manufacturing Co. high-vacuum Rotrex ” pump. This pump 
is of the wet-vacuum type and handles both air and water of condensation 
but it is also adapted for dry-air purposes. The apparatus consists of a 
cylindrical casing and a rotor mounted eccentrically on the shaft. This 
shaft is carried in outboard ring oil bearings which are entirely independent 
of the stuffing boxes. The division between the suction and discharge 



Fig. 468. Edwards Air 
Pump. 
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space in the pump cylinder is maintained by a radius cam carried on a 
shaft independent of the stuffing boxes. This cam is operated from the 
rotor shaft by a lever and crank on the outside of the casing. The clear- 
ance spaces are water-sealed. The discharge valves are of the Gutermuth 
type. Pump speed 200 to 300 r.p.m. The manufacturers guarantee 



that on dead-end test a vacuum may be obtained within one-half inch 
of the barometer, and within one inch of the barometer under operating 
conditions. 

283. Size of Wet-air Pumps. — Since the wet-air pump for a jet con- 
denser must deal with the mixture of injection water, condensate, and all 
air entrainment, the problem of design is essentially that of determining 
the volume Of mixture to be withdrawn under condenser pressures and 
temperatures. The volume of injection water and condensate for a given 
set of conditions may be readily calculated, but the volume of air en- 
trained with the injection water and condensate and that introduced by 
leakage is an unknown quantity and can only be estimated. The amount 
of air mechanically mixed with the injection may vary from 1 to 5 per 
cent by volume at atmospheric pressure and temperature. The amount 
of air in feedwater varies from less than 1 per cent by "mlume, if the heater 
is of the open type, to 5 per cent or more if the heater is of the closed type 
and raw water is fed directly into the heater. Air leakage is an unknown 
quantity varying within wide limits, and is dependent upon the tightness 
of joints, stuffing boxes and the like. A very liberal factor is usually 
allowed for air entrainment, leakage, and pump slip, an average figure 
being about 10 per cent by volmne of the circulating water for the com- 
bined air and wet-vacuum pump for jet condensers and 10 per cent by 
volume of the feedwater for surface condensers. 
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Let Q 5= total volume of air and water, in cu. ft. per hr., to be handled 
by the pump, 

V == volume of cooling water m cu. ft. per hr., 

V = volume of condensed steam in cu. ft. per hr., 

Va = volume of air-vapor mixture to be exhausted per hr,, 

Wi = air leakage, lb. per hr., 

ta == temperature of the air in the condenser, deg. fahr., 

= temperature of the discharge water, deg. fahr., 

^ = initial temperature of the cooling water, deg. fahr., 

Pa = atmospheric pressure, in. of mercury, 

Pc = total pressure in the condenser, in. of mercury, 
p, = pressure of aqueous vapor at temperature ^ 2 , 
then (F + = volume of water to be pumped from the condenser per hr. 


The volume of air-vapor mixture to be removed per hr. may be calcu- 
lated from equation (435), thus 


Va = Wi 


0 . 7547 ^ 

Vc - Vv 


(259) 


And the total volume to be exhausted per hr. by the pump is 


Q -V + v '^wi 


0.754ra 

Vc - Vv 


(260) 


Example 76. — Calculate the piston displacement of a wet-air pump 
suitable for a 1000-hp. piston-engine plant operating under the following 
conditions: Water rate 16 lb. per i.hp-hr.; initial steam pressure 150 lb. 
abs.; vacuum, 4 in. abs.; injection water 70 deg. fahr.; hotwell 110 deg. 
fahr.; air leakage and entrainment 7.5 lb. per thousand cu. ft. of injection 
water. 

Solution. — Here pc = 4, p^ (from steam tables) = 2.59, ^ = 70, = 

ta = 110, V = 0.04F (from equation 204), wi = 0.0075F (by assumption). 

Substituting these values in equation (260) and solving 

• Q = F + 0.04F + 0.0075F = 3.33 F. 


Average practice gives 3 F as the piston displacement per hr. for a 
single-acting pump and 3.5 F for a double-acting pump, the cylinders 
being ordinarily proportioned on a piston velocity of 50 ft. per min. at 
rated capacity. 

Wet-air pumps are usually independently driven, making it possible to 
vary the speed of the pump irrespective of the engine speed and to create 
a vacuum before starting the engine. Occasionally, however, when the 
load is constant, as in pumping-engine practice, the pump may be driven 
by the main engine. 
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The combined air, condensate and circulating pump (with the exception 
of pumps of the Rees roturbo jet type) is not adapted for high-vacuum 
work on account of the enormous increase in air volume at very low pres- 
sures. With cold injection water and a good air-tight condensing system, 
vacua as high as 2 in. abs. arc possible with the standard type of jet- 
condenser air pxmips, but practice recommends the use of separate air and 
wet-vacuum pumps for vacua higher than 20 in. 

Since the wet-air pump for surface condenser handles only the condensed 
steam and air, its theoretical capacity, neglecting clearance, may be deter- 
mined by eliminating V from equation (260) which then becomes 

Q = + (261) 

Pc - Pv 

* The volume of air entering the condenser varies so much with the 
character of the power plant equipment and the conditions of operation 
that any assumed average value of Va may lead to serious error. 

Average steam-turbine practice gives 

Q = 20 y for 26-m. vacuum, 

Q = 30 y for 27-in. vacuum, 

Q = 40 V for 28-in. vacuum, 

Q = 50 V for 29-in. vacuum. 

Average reciprocating engine practice gives 

Q = 85 per cent of above for vacua up to 27 in. 

284. Tail or Removal Pumps. — As previously stated, the term tail 
pump has been applied to pumps which deal with the combined circulating 
water and condensate, merely 
to distinguish between this 
type and that dealing with 
the entire condenser-water 
supply including the air en- 
trainment. In practice the 
tenns tail pump and wet-air 
pump are used synonymously. 

Almost any type of water 
pump may be used for the 
purpose of withdrawing the 
combined circulating water 
and condensates, but the 
centrifugal pump appears to be the more common in use. A typical 
tail-pump installation is shown in Fig. 370. The Leblanc jet condeilser, 
Fig. 339, and the C. H. Wheeler low-head high-vacuum jet condenser, 




Fig. 470. Air Cylinder Construction of 
Wheeler Dry-Vacuum Pump. 
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Fig. 340, involve the use of centrifugal tail pumps. The power required 
to drive this style of pump may be calculated from equation (262). In 
this connection the total head ptmiped against must include the suction 
head due to the vacuum in the condenser. 

285. Dry-air or Dry-vacuum Pumps. — Dry-air or dry-vacuum pumps 
are used in connection with jet or surface condensers where a high degree 
of vacuum is essential, as in steam-turbine practice. Such pumps are 
intended to exhaust the saturated non-condensable vapors only, and are 
in reality air compressors. Air pumps for jet condensers must deal with 
much larger volumes of air than those for surface condensers, other things 
being equal, because of the air entrained with the circulating water. Dry- 
air pumps may be divided into four general groups: (1) reciprocating- 
piston, (2) positive rotary-displacement, (3) hydro-centrifugal and (4) 
steam-jet. 

Piston Type: Figure 470 shows a section through the cylinder of a 
Wheeler dry-vacuum pump, illustrating the single-cyliiider, single-stage 
reciprocating-piston group. The admission valves A and A are mechanic- 
ally controlled and the discharge valves are of the usual spring-loaded 
type. The rotary admission valves are adjusted so that for a short instant 

at dead center communication is 
established between both ends of the 
cylinder so as to reduce the air pres- 
sure in the clearance space down to 
the suction pressure on the other side 
of the piston. 

Figure 471 shows a section through 
the cylinder of a Laidlaw Feather- 
Valve single-cylinder two-stage dry- 
vacuum pump which possesses some 
advantages over the single-cylinder 
mechanism in that a two-stage effect 
is produced in one cylinder. The pump is single acting, but the higher 
volumetric efficiency practically balances the double-a(;ting feature in the 
ordinary single-stage pump and permits the use of practically the same 
size pump for a given capacity. The valves are thin strips of ribbon steel 
similar in appearance to clock-spring stock. These flexible strips seat 
tightly on ground-faced slotted seats, and in opening flex against solid 
curved guards, the ends remaining in contact with the seat at all times. 
Mechanically actuated valves are entirely absent. The cycle of operation 
is as follows: With piston moving as indicated, air is drawn into the 
head-end of the cylinder until the piston reaches the end of its stroke. 
On the return stroke, the air drawn in the head end of the cylinder is trans- 



Fig. 471. Two-stage Single-cylinder 
Dry-air Pump. 
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ferred (at condenser pressure) through passage D and valve E to the 
crank end of the cylinder. On the next stroke, the air charge is compressed 
through valve H to somewhat more than atmospheric pressure. 

Hydraulic Type: The Leblanc Air Pump, Fig. 339, Wheeler Turbo- 
air Pump, Fig. 472, and the Worthington Hydraulic Vacuum Pump, Fig. 
473, are well-known examples of the hydraulic or hurling-water diy-air 

pumps. They differ very little from 

each other in principle but vary 
widely in mechanical (‘onstructirm. 

In these pumps, entraining or hurl- 
ing water is taken from a circulating 
tank and hurled by centrifugal force j 
in thin sheets or “ pistons into a 
diffuser or discharge (;one, each sheet 
or piston carrying with it a layer of 
saturated air drawn in from the con- BariingWate? 

InleO 

denser. The water is used over and 
over again with an addition of about 
10 per cent makeup to keep down the Pump. 
temperature, since very little heat 

is abstracted from the air-vapor mixture. In some installations, the hurl- 
ing water is recirculated through cooling coils so that discharge to over- 
flow and makeup for lowering the temperature are not necessary. The 



Fig. 473. Worthington Hy- 
draulic Vacuum Pump. 


cooling water used is l:)y-passcd around the 
condenser, being taken from the discharge of 
the circulating pump and returned into the 
discharge pipe immediately after the condenser. 
The hydraulic type of air pump is used in 
large condenser installations in preference to 
the reciprocating-piston type chiefly because of 
its compactness, high air-removal capacity, and 
ability to carry overloads. The reciprocating 
pump shows a decreasing capacity with increase 
in vacuum and finallv reaches a point where 
the capacity becomes zero. Owing to the in- 
creased water velocity at high vacua, the hy- 
draulic air pump increases its capacity as the 
vacuum increases. The hydraulic air pump, 


however, requires from two to three times as much power as the piston 
piunp and is slow in starting. These pumps are invariably of the high- 
speed type and are driven by steam turbines or motors. 

SteamrJet Type: The modern steam-jet air pump has practically sup- 



670 


STEAM POWER PLANT ENGINEERING 


planted other types for steam condensers, because of its compactness, 
total absence of moving parts, simplicity of operation, and high efficiency. 
The Parsons vacuum augmentor, Fig. 474, was one of the earliest practical 
applications of a steam jet to condenser operation. In this connection, 
the jet merely acted as a booster and increased the air pressure by a few 

inches, so that, with a vacuum of 
28 in. in the condenser, the vacuum 
at the air pump suction would be 
about 26 in. 

The modern steam-jet or air- 
ejector is constructed in a variety 
of forms, but for the purpose at 
hand may be conveniently classi- 
fied as (1) single-stage in which 
the compression is effected in one 
set of nozzles, and (2) two-stage in which the first stage discharges into 
the suction opening of a secondary stage. Both the single and two-stage 
machines may be operated condensing or non-condensing. If the cooling 
takes place between the first and second stage, the design is designated 
as of the inter-cooler type, and if the second stage is also equipped with 
a cooler, the design is designated as of the inter-after-cooler type. The 
nozzles are of either the single or multi-jet type. 



Fig. 476. Typical Single-stage Fig. 476. Single-stage Multi- 

Single-nozzle Ejector. nozzle Ejector. 

Figure 475 shows a section through a typical single-stage single-nozzle 
ejector consisting essentially of a single divergent steam nozzle discharg- 
ing into the conventional form of compression tube. Steam issues from 
the nozzle at a velocity of 2000 to 4000 ft. per sec., depending upon the 
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initial steam conditions and back pressure, draws in the air-vapor mixture 
around the nozzle and discharges it through the compression tube against 
a greater pressure than that existing at the suction. By employing a 
number of nozzles in place of the single nozzle, Fig. 476, the air entrain- 
ment capacity may be greatly increased for the same weight of steam 
discharged. Careful experimental work has shown that the maximum 
economical compression ratio in a single ejector should not exceed about 
eight to one. While it is possible to obtain a vacuum within one inch of 
mercury abs. by a single-stage ejector, ex- 
periment shows that the steam consumption 
is very high for compression ratios exceed- 
ing one to eight. The single-stage machine 
is suitable for installations in which the 
discharge from the nozzle can be utilized for 
feedwater heating or where vacua higher than 
three in. abs. are not essential. 

The C. H. Wheeler radojet pump was one 
of the earliest American designs involving the 
compound or- two-stage principle and was 
largely instrumental in popularizing the 
ejector type of pump for condenser service. 

In this design, the primary jet withdraws the 
saturated air from the condenser and com- 
presses it to four or five in. above condenser 
pressure and the secondary jet picks up the 
discharge from the primary and forces it out 
against the existing back pressure. The 
secondary jet is radial in forai and discharges 
into an annular volute chamber. This form 
of nozzle causes the steam to spread out 
into a disc shape and in a direction which 
is perpendicular to the axis of the steam nozzle. This permits of an en- 
largement of the entrainment surface for a given mass of steam and also 
allows both sides of this disc-like jet to entrain the air in passing across the 
second-stage suction chamber. 

By placing an intcr-cooler, either of the jet or surface type, between the 
two stages, the steam from the first-stage jets is entirely condensed. The 
second stage, therefore, has only air to compress and since the air is but a 
small portion of the air-vapor mixture from the primary stage, the steam 
consumption of the second stage is greatly reduced and the total steam 
consumption of the combined stages is one-half that of a single-stage 
machine of equivalent air capacity. 



Fig. 477. Radojet Pump 
without Intcr-cooler. 
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Figure 478 shows a section through a Westinghouse steam-jet air pump 
of the jet inter-condenser type illustrating a modern application of the 
steam ejector for air-removal purposes. Steam enters as indicated and is 
led to the primary and secondary stage nozzles through suitable strainers. 
Leaving the primary nozzles at high velocity, the steam and entrained 
air are delivered through the primary compression tube to the inter- 
cooler at a pressure of four or five in. of mercury. The steam is condensed 
in the inter-cooler by contact with cooling water. The latter is taken 

from the circulating water 
supply if the main condenser 
is of the jet type or from the 
hotwell if the condenser is of 
the surface type. Air entrain- 
ment passes from the primary 
discharge to the secondary 
suction chamber. From this 
point the air is discharged 
with the steam from the 
secondary nozzles through the 
secondary compression into 
the atmosphere, while the 
water from the inter-cooler 
together with the condensed 
steam from the primary stage 
is drawn back to the main 
condenser hotwell through a 
looped pipe. The back pres- 
sure at the discharge opening 
of the secondary stage should 
not exceed 1 lb. gage, other- 
wise considerable increase in 
initial steam pressure would 
be necessary and the steam consumption would be greatly increased. 
Without the inter-cooler, the same quantity of air-vapor mixture can be 
handled, but a much larger quantity of steam would be necessary for 
operating the second stage. 

Figure 479 shows a section through a C. H. Wheeler ‘‘ Radojet ” air 
pump of the inter-after-cooler type illustrating the latest practice in this 
class of pump. This design is similar to the surface inter-condenser type, 
with the addition of a compartment for condensing the steam from the 
secondary ejector. As this ‘‘ after-condenser ” is of the surface type, the 
heat from the secondary steam is absorbed by the water flowing through 
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Fig. 478. Westinghouse Steam-jet Air Pump 
(Jet Inter-cooler Type). 
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the tubes, while the air escapes through the vent as shown in the illustra- 
tion. There is no mixing of 
air and water. The passages 
are arranged so that the water 
flows first through the inter- 
condenser and then through 
the after-condenser. 

With air pumps of the inter- 
after-cooler type, no other air- 
removal equipment is neces- 
sary. 

286. Size of Dry-air Pumps. 

— The volumetric capacity of 
a dryTair pump for condenser 
service is based upon experi- 
ence rather than theory, be- 
cause the amount of air in 
the steam and the air filtra- 
tion are very uncertain quan- 
tities. Since the air to be 
dealt with is saturated with 
water vapor, the pump dis- 
placement or its equivalent 
will be much larger than if dry 
air only were supplied. The 
weight of water vapor which 
must be exhausted for a given weight of dry air for different vacua and 

air-pump suction temperatures 



Fig. 479. 


Radojet Air Pump with Inter- 
after-cooler. 



is shown in Fig. 335. The great 
reduction in volume effected by 
cooling the air-pump suction is 
clearly shown. The marked 
superiority of counter-current 
over parallel-current flow in the 
older designs of jet condensers 
is chiefly due to the greater 
reduction in temperature of the 
air and its vapor content. 

The curves in Figs. 480 and 
481 may be used as a guide 
in estimating the weight of dry 
air to be handled by a dry-air pump under different vacua and tem- 


PiG. 480. 
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peratures, but they must be used with caution since they do not allow 
for excessive air leakage. These curves give the weight of dry air only. 
In order, however, to exhaust the given quantity of dry air, the vapor 
entrainment must also be withdrawn. The ratio of vapor to dry air in 
the saturated mixture may be calculated from equation (195) or it maybe 
taken directly from the curves in Fig. 335. The applications of these 
curves are best illustrated by a specific example. 

Example 77. — Required the air pump capacity for a 10,000-kw. sur- 
face condenser installation using 125,000 lb. of steam per hr., vacuum 
28.5 in., inlet and outlet temperature of the circulating water 70 and 80 
deg. fahr. respectively. 

Solution. — From Fig. 481 the dry air leakage corresponding to 125,000 
lb. per hr. is found to be 33 lb. per hr. Assuming that the air-vapor 
mixture is withdrawn at a temperature corresponding to the mean of 



the circulating water (=75 deg.), we find from Fig. 335 that the ratio of 
water vapor to dry air at this temperature and absolute pressure of 1.5 in. 
is 0.89. Therefore, the air pump capacity is 33 X 1.89 = 62 + lb. of 
air-vapor mixture per hr. 

It is usual, for surface condensers, to provide two steam ejectors, each 
of capacity as obtained by use of these curves, and, for jet condensers, 
two ejectors of a total capacity as indicated by curves, as the jet curves 
are based on maximum air entrainment in injection water and an ap- 
preciable amount of air is carried out through the removal pump. 

For dry-air pumps of the reciprocating-piston type, the ratio of piston 
displacement to volume of condensate is approximately as follows: 



20 to 1 for 26-in. vacuum 
30 to 1 for 27-in. vacuum 
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40 to 1 for 28-in. vacuum 
50 to 1 for 29-in. vacuum 

The curves in Fig. 482 give a comparison between the performance of 
an hydraulic air pump with 70 deg. fahr. hurling water temperature and 



Cubic Feet Free Air per Minute. 

Fig. 482. Comparative Tests of Turbo-air Pump vs. Two-stage 
Steam Ejector. 


that of a steam-jet ejector with inter-cooler. These curves are applicable 
only to the particular designs tested but serve to show the general charac- 
teristics of the two types. The curves in Fig. 483 are of interest in show- 
ing the relation between steam 
consumption and air-removal 
capacity of a “ Radojet air 
pump with and without inter- 
cooler and with both stages in 
operation when furnished with 
dry steam at 100 lb. gage at 
each stage. 

The absolute initial pressure 
at the jet should be approxi- 
mately eight times the maxi- 
mum allowable back pressure. 

Further increase in initial 
pressure fails to increase the 
vacuum and merely increases the steam consumption. 

The Size of Dry-vacuum Pump to Employ in a Given Case: Trans. A.S.M.E., Vol. 44, 
1922, p. 437; Power, July 8, 1924, p. 52. 

Dry-vacuum Pump Capacity Tests: Power, June 14, 1921, p. 990. 

» 87 . Circulating Pumps. — In general, circulating pumps for surface 
condensers are designed for large capacity against comparatively low 
heads. Except in some of the older stations, these pumps are of vertical 



Fig. 483. Performance of Radojet Air Pump 
when Handling Atmospheric Air. 
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or horizontal centrifugal type. For heads of 25 ft. or more, single impeller 
pumps are recommended, driven either by turbine or motor or both as 
may be dictated by the heat balance of the plant. In large installations 
multi-rotor pumps are usually installed so as to accommodate high-speed 
operation to low heads of 15 to 25 ft. Steam-turbine driven pumps give 
the highest flexibility for condenser operation on acjcount of the ease with 
which the speed can be changed to take care of fluctuations in head; or, 
under constant head conditions, to increase or decrease the quantity of 
water required. This is also true of the variable-speed motor drive, but 

until quite recently centrifugal 
circulating pumps were operated 
with constant-speed motors with 
no attempt to regulate the sup- 
ply of water. Some of the more 
recent installations employ two 
constant-speed pumps on a single 
condenser having a divided 
water-box construction. These 
pumps are provided with dis- 
charge valves as well as a by- 
pass valve so that either pump 
may be used to supply water to 
the entire condenser, or each pump 
may supply water to one-half 
of the condenser independently 
of the other half. The economies effected by this combination have not 
come up to expectations. In the very latest large central stations, there 
are two pumps to a single condenser, each equipped with a variable-speed 
motor. This arrangement gives approximately the same efficiency at 
reduced flow as at maximum flow and effects a considerable saving in 
power over the single-pump installation aside from increased flexibility 
of operation. 

The power required by the circulating pumps is the largest item of the 
condenser auxiliaries and, therefore, every effort should be made to reduce 
the pumping head and the required quantity of circulating water to a 
minimum. Where it is possible to seal the circulating-water discharge 
pipe, the system operates as a siphon and the static head is the difference 
in level of intake and discharge tunnels. Where the discharge head 
cannot be sealed, the static head is the difference in level of intake water 
and the top pass in the condenser. The total head pumped against in 
any case is the sum of the static head (suction plus discharge, friction 
head lost in the condenser and piping and velocity head). The brake 



Fig. 484. Performance Curves of a Typical 
Circulating Pump Installation. 
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horsepower necessary to deliver water by any type of pump is 

Br.hp. = WH/Z^,mE (262) 

in which 

W = weight of water delivered, lb. per min., 

H = total head, ft., 

E = mechanical efficiency of the pump. 


TABLE 87 

LARGE rillCULATING PTTMP INS'iALLATIONS 


( 1921 - 24 ) 


Station 

Rated 

Capacity 

Turbine 

Number 
of Pumps 
per 0)11- 
denspr 

Maximum 
Capacity of 
Each Pump 

0. P. Al. 

Rated 
Hp. of 
Pump 
Drive 

'J’ype of Drive 

Barbados. . . . 

20,000 

1 

24,000 

175 

Constant-speed motor 

Cahokia 

30,000 

2 

32,000 

250 

Variable-speed motor 

Calumet 

30,000 

1 

55,000 

800 

Constant-speed motor 

Delaware 

30,000 

2 

:17,500 

430 

1 Motor, 1 Duplex 
Constant-speed motor 

Hell Gate 

40,000 

1 

:i5,ooo 

350 

Hudson Ave... 

50,000 

2 

50,00t) 

700 

Constant-speed motor 

Northeast, . . . 
do 

30,000 

2 

30,000 

1-200 

1-200 

2-specd motor 
('onstant-speed motor 

Lakeside 

20,000 

2 

18,000 

1-170 

1-170 

Constant-speed motor 
Turbine 

Marysville .. 
Steel Point . 

20,000 

1 

40,000 

253 

V iir i able-sp('od motor 

10,000 

1 

16,2.50 


Geared turbine 

Wabash River. 

20,000 

2 

25,000 

150 

Constant-speed motor 

WaukcRan 

25,000 1 

1 

35,000 

300 

2-sp(Hid motor 

Weymouth . . . 

30,000 

2 

30,000 

300 

Constant-speed motor 


The static head of course roinaiiis constant, other conditions being the 
same, for all rates of flow, but the friction increases approximately with 
the square of the quantity pumped. This is illustrated in Fig. 487. The 
friction through the condenser tubes may be calculated by means of 
equation (279) and the friction through the pipe and fittings as shown 
in paragraph (309). 

Example 78. — Calculate the power required to drive the circulating 
pump for a surface condenser installation when operating under the 
following conditions: Maximum capacity of main turbine 10,000 kw., 
water rate of turbine and auxiliaries 15 lb. per kw-hr., ratio of cooling 
water to condensate 60, suction head 5 ft., friction head 20 ft., static dis- 
charge head 15 ft., pump efficiency 78 per cent, pump discharge velocity 
15 ft. per sec. 

Solution. — The velocity head = V^/2 g = 15V64.4 = 3.5 ft. 

From equation (262), 
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Br.hp. 


15 X 10,000 X 60 (5 + 20 + 15 + 3.5) 
60 X 33,000 X 0.78 


254 (approx.) . 


If the pump is motor-driven, allowing an overall motor efficiency of 
85 per cent, the pump will require 


254 ^ (10,000 X 1.34 X 0.85) = j 


0.022 or 2.2 per cent of the 
main generator output. 


Control of Circulating Water: Report of Prime Movers Committee, N*E.L.A., 1923, 
Part B, p. 89. 


288 . Centrifugal Boiler-feed Pumps. — In power plants having capaci- 
ties over 500 b.hp., direct-acting and power-driven triplex boiler-feed 
pumps have been largely superseded by multi-stage centrifugal pumps. 

' For plants under 500 hp. the direct-acting pump offers the advantage of 
low first cost and case of operation. In the modern plant, centrifugal 
boiler-feed pumps are driven by motors, steam turbines, or both, depend- 
ing upon the method of establishing the heat balance. Turbine-driven 
boiler-feed pumps are usually equipped with a constant-pressure, and if 
desired, excess-pressure or follow-up governor. The admission valve can 
be set to keep the pressure on the delivery side constant, regardless of 
capacity pumped, or at some predetermined pressure in excess of that of 
the steam. The regular turbine governor is adjusted so that it does not 
function until a speed greater than can be obtained with the follow-up is 
reached. With some constant-speed motor drives, the feed pumps are 
fitted with a large pressure-reducing valve so connected that it acts as an 
excess-pressure throttling valve on the discharge of the pump, while in 
others an unloading valve is used which allows sufficient water to by-pass 
from the discharge to the suction of the pump, thereby maintaining a 
constant discharge pressure. A very satisfactory combination from the 
operating standpoint is to use both turbine- and motor-driven pumps, 
the motor-driven pumps to operate at full load and the turbine-driven 
pumps to operate in parallel for pressure regulation. Slip-ring induction 
and direct-current motor controls are also available which automatically 
regulate the speed of the motor-driven boiler-feed pumps to maintain a 
pressure in the boiler feedwater main at a predetermined amount above 
that in the boiler. Centrifugal boiler-feed pumps require from a 'fraction 
to 5 per cent of the boiler steam generated, depending upon the load, 
efficiency of the boiler unit, nature of the drive and disposition of the 
exhaust steam if turbine-driven. 

The characteristics for a boiler-feed pump are similar to those shown 
in Fig. 462. The drooping head delivery characteristic makes it impos- 
sible for the pump to overload the driving motor. 
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Example 79. — Calculate the power required to drive the centrifugal 
feed pump for a turbine installation when operating under the following 
conditions: Maximum output of main turbine 10,000 kw., water rate 
(including auxiliary steam) 16 lb. per kw-hr.; boiler pressure 200 lb. gage. 


Solution. — When specific figures are not available it is customary to 
assume 25 per cent of the boiler pressure as the friction head, whence H 
= (200 + 50) 2.6 = 650 ft. (2.6 = ft. of water at boiler temperature 
corresponding to 1 lb. per sq. in.). Assume a pump eflSciency of 65 per 
cent. 

From equation (262), 


Br.hp. 


16 X 10,000 X r:)0 
60 X 33,000 X 0.65 


If the pump is driven by a turbine and the latter uses 40 lb. of steam 
per b.hp-hr., the pump will require 


81 X40 
160,000 


0.02 or 2 per cent of the total weight of steam generated. 


If the pump turbine exhaust is used for feedv^ater heating, the pump will 
require only 0.3 per cent of the total stcijui generated. 

If the pump is motor-driven, allowing an overall motor and line effi- 
ciency of 85 per cent, the pump will reciuire 

81 (10,000 X 1.34 X 0.85) = .0071 or 0.71 per cent of the main 

generator output at rated load. 


289. Condensate or Hotwell Pumps. — The centrifugal pump is now 
quite universally used for pumping the condensate from surface condens- 
ers. Condensate pumps must deliver water against the head correspond- 
ing to the vacuum, plus the friction head and the static head. The 
pump cannot create a vacuum sufficiently greater than the vacuum in the 
condenser to draw water into the impeller by suction, therefore the con- 
densate should be supplied under a head of three or four feet or more. 
If the head on the suction side is less than this, the pump “ cavitates '' or 
becomes vapor bound and is unable to remove the water. Condensate 
pumps are built in single-stage and two-stage types. These pumps are 
ordinarily operated without automatic control and are permitted to 
operate at constant speed. In the modern central stations these pumps 
are in duplicate. The power required to operate the pump may be cal- 
culated with the aid of equation (263). 

Example 80. — Calculate the power required to drive the condensate 
pump for a turbine installation when operating under the following condi- 
tions: Maximum output of main turbine 10,000 kw., water rate (including 
steam required to operate auxiliaries) 15 lb. per kw-hr., vacuum 28 in. 
referred to a 30-in. barometer. 
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Solution. — Suction head corresponding to 28 in. of mercury = 31 ft. 
Assume a friction and discharge head of 29 ft.; efficiency 50 per cent. 
Substituting these values in equation (262), 


Br.hp. = 


10,000 X 15 X (31 + 29) 
60 X 33,000 X 0.5 


= 9.4 (approx.). 


290. Air Lift. — The air lift is a simple arrangement of piping whereby 
water may be raised by means of compressed air. There are no working 
parts, and no valves are employed except to regulate the supply of air. 
Its particular field of application lies in pumping water from a number of 
scattered wells, and on account of the total absence of working parts it is 
peculiarly adapted to handling water containing sand, grit and the like. 
The device consists of a partially submerged water pipe and air supply, 
variously arranged as in Fig. 485 (A) to (D). Compressed air, forced 



into the water pipe at or near the bottom, decreases the density of the 
column, and the difference in weight between the solid column of water B 
and the air-water column A causes the flow. The successful operation 
of this device depends upon the ratio of the depth of submersion B to the 
total head C. 

The quantity of air necessary to operate an air lift may be closely 
approximated from the equation (see Prac. Engr. U. S., April 1, 1912, 
p.364) 


V 


L■^log 


S + M 


xc 


34 


(263) 
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in which 

V = cu. ft. of free air per gal., 

S = actual submergence in ft., 

C = coefficient determined from experiment. 

The actual submergence S may be determined from the relationship 

S = LSp/lp (264) 

in which 

L = actual lift in ft. (A, Fig. 485), 

Sp = submergence percentage (100 B/C, Fig. 485), 

Ip = lift percentage (100 A/C, Fig. 485). 

The coefficient C may be approximated as follows: 

C = 255 - 0.1 L. (265) 

For the air pressure required for any lift and any percentage of sub- 
mergence, it is convenient to divide the actual submergence in feet by 2 
to get the gage pressure in lb. This gives enough pressure in excess of 
that due to water head to allow for the pipe friction and other losses. 

The efficiency water hp. divided by air hp.) varies from 30 to 
50 per cent, increasing as the ratio B/C increases from 0.55 to 0.85. (Engi-- 
neer, U. S.j Aug. 15, 1904, p. 564.) A number of tests give efficiencies 
water hp. divided by i.hp. of steam cylinder) varying from 20 to 40 
per cent. The hp. required to compress one cu. ft. of free air to different 
pressures per sq. in., as determined from actual practice, is approximately 
as given in Table 87a. 


TABLE 87o 


Pressure 
in Pounds 

Hp. Required to 
Compress 1 Cubic 
Foot 

Pressure 
in Pounds 

Hp. Required to 
Compress 1 Cubic 
Foot 

176 

0.434 

60 

0.159 

140 

0 3^6 

45 

0 145 

100 

0.2C1 

30 

0.121 

80 

0.189 




Air Lift: Power, Nov. 23, 1920, p. 818; Apr. 17, 1923, p. 691; Jan. 30, 1923, p. 177; 
May 6, 1919, p. 692; Bui. No. 1265, 1924, Univ. of Wis. 


291. Pump Governors. — Steam-driven pumps are readily adapted to 
automatic control since it is only necessary to regulate the speed by 
throttling the steam supply. Figure 486 shows a section through a 
Fisher pump governor illustrating the general principles of constant- 
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pressure control on pumps of this class. It embodies a pressure-reducing 
valve in the steam supply pipe of the pump, actuated by the slight varia- 
tions in water pressure. When the demand for water increases, the pres- 
sure in the discharge pipe tends to decrease, and this drop in pressure 
(transmitted to the pump governor through opening D) causes more 
steam to be admitted, which increases the speed of the pump. The 
governor is connected to the steam inlet of the pump at B and the steam 
enters at A. The double-seated balanced valve C regulates the supply 
of steam to the cylinder by the amount it is raised 
from the seat. The valve is held open by spring G, 
the compression of which may be regulated by hand 
wheel K. The water pressure 
from the discharge pipe acts on 
piston Fj and tends to over- 
come the resistance of the 
spring. The difference in pres- 
sure between the water and the 
spring determines the position 
of valve C. The spring tension 
is adjusted by means of the 
hand wheels. 

For maintaining a constant 
pressure in the suction line of 
a steam-driven vacuum pump, 
the spring-loaded piston in the 
governor is replaced by a lever- 
weighted diaphragm. 

Figure 487 shows a section 
through a Fisher excess-pres- 
sure or follow-up type of steam- 
pump governor which will main- 
tain a constant difference in pressure irrespective 
of the variations in steam pressure or the capacity of the pump. Gov- 
ernors of this type are usually installed in connection with boiler-feed 
pumps. They differ from the constant pressure type only by the substitu- 
tion of a lever-weighted diaphragm for the spring-actuated piston and in 
the connection of the steam pressure to the under side of the diaphragm 
and of the feed line pressure to the upper side. The diaphragm, therefore, 
has to support only the excess pressure necessary to overcome the weight 
and lever. This type of governor is readily applied to a steam-turbine- 
driven centrifugal pump. 

Figure 488 shows a section through an excess-pressure governor incor- 



Fiq. 486. Con- 
stant - Pressure 
Steam - Pump 
Governor. 



OaU( 

Fig. 487. Excess-pres- 
sure or Follow-up Steam- 
Pump Governor. 
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porated in the design of a Lee steam turbine. The water end of the 
governor W is piped to the discharge line of the pump and the steam end 
S is connected to the steam line. Pressure is thus introduced to the 
closed space at each end of the governor body and acts upon the dia- 
phragms D, D. These are connected by a diaphragm spacer which, 
through the lever L, actuates the governor lever G and in turn the governor 
valve V , The predetermined excess-pressure is produced by a coM-spring. 
The speed of the turbo- 
pump, therefore, will be 
held at a point where the 
water pressure equals the 
steam pressure plus spring 
pressure irrespective of the 
variations in pressure of the 
water or steam. 

Feedwater Regula- 
tors. — In the great ma- 
jority of the older steam 
plants, the supply of feed- 
water to the boiler is con- 
trolled by hand. By open- 
ing or closing a regulating 
valve in the pmnp discharge 
line, the supply is throttled 
to meet the boiler require- 
ments. Since it is practi- 
cally impossible to manipulate the valve so that the water will flow into the 
boiler as fast as the steam is driven off, the flow is more or less intermit- 
tent, the water level ranging from maximum to minimum. Practically 
all of the large modern central stations and many of the smaller installa- 
tions are equipped with automatic regulators, not only to insure continu- 
ous feeding of the boiler at the proper rate, but to dispense with the 
constant attention necessary for hand control. Feedwater regulators 
depend upon the fluctuations of the water level in iihe boiler for their 
primary control. 

Figure 489 shows a section through a Stets boiler-feed controller illus- 
trating the float-lever type. The float chamber is connected to the 
steam space of the boiler or water column and to the lower water-gage 
in such a manner that the mean water level in the chamber is in a 
line with that in the boiler. A copper float, rising and falling with 
the water level, actuates, through the agency of suitable levers, a balance 
feed valve and reduces or increases the flow of water to the boiler. A 
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fixed relation is maintained between water level and feed valve opening. 
As the working parts are all in the pressure space, very little stuffing box 
friction is interposed between the float and feed valve. As the float con- 
tains a small amount of alcohol, internal pressure when in operation is 

practically the same as the ex- 
ternal pressure of the steam, and 
therefore the ball is subjected to 
very little stress. The linkage 
and valve openings are designed 
to give a continuous flow of water 
in gradually increasing rate from 
high to the low water level limit. 

Figure 490 shows a section 
through the actuating end or 
generator of the “S-C*^ regulator 
illustrating the thermo-pressure 
type. The generator consists of 
an inclined seamless brass tube S 
connected through suitable fittings 
to the steam and water space in 
the boiler. The level of the water in this tube will correspond to that 
in the boiler. Tube S is surrounded by vessel T which is closed at both 
ends and does not communicate with 
the boiler. Vessel T is equipped 
with thin bronze fins to carry away 
heat. This vessel is filled with water, 
which always remains in the system, 
and is connected through flexible 
tubing F to the top of a diaphragm- 
controlled balanced valve in the feed 
pipe. When the water in the boiler 
is at its highest permissible level, 
the tube S is filled with boiler water, 
the temperature of the independent 
water body in vessel T is com- 
paratively low, and the feed valve 
is closed. As the level of the water 
in the boiler is lowered by the dis- 
charge of steam through the boiler 
nozzle, the level in tube S drops correspondingly and the upper end is 
filled with steam. This steam gives up heat to the water in vessel T and 
causes it to expand. The pressure created by this expansion is trana- 




Fiq. 489. Stets Boiler-Feed Controller. 
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mitted to the diaphragm chamber of the feed valve and opens it a pro- 
portionate amount. The lower the water level in tube S, the greater 
the surface exposed to steam and hence the higher the pressure developed 
in the generator. Conversely, as the water level rises, less surface is ex- 
posed to steam, and through the action of the radiating fins, the tem- 
perature, and consequently the pressure in chamber T, is reduced. The 
lower connection of tube is trapped so that the water in the tube will be 
at a much lower temperature than that in the boiler. 

Figure 491 shows the general arrangement of a Copes feedwater regulator 
illustrating the thermo-expansion type. The regulator is actuated by the 
expansion and contraction of a heavy metallic tube mounted on a base 
and connected by a lever 
and strut to a control 
valve, in the feed line. 

The expansion tube is 
set in an inclined posi- 
tion opposite the water 
level in the boiler, and 
is connected to the steam 

and water spaces as Piq, 491 ^ Copes Feedwater Regulator, 

shown. The water level 

moves in the expansion tube as it does in the boiler. The upper end 
of the expansion tube, being filled with steam, is at steam temperature. 
The lower end, however, is slightly above room temperature because 
the water which it contains gradually cools off by radiation. At normal 
load, with the water level at position 2,^^ Fig. 491, half of the expansion 
tube is filled with steam and half with water, and the tube assumes 
the length that opens the central valve to position “ 2” As the load 
gradually increases, the water level falls and the tube is filled with 
steam. This expands the tube and causes the valve to open proportion- 
ately, as shown by position ‘4.^^ 

For satisfactory operation, all feedwater regulators should be used in 
connection with suitable pump governors. 

PROBLEMS 

1 . A direct-acting duplex boiler-feed pump uses 125 lb. steam per i.hp-hr. Initial 
steam pressure 115 lb. abs., feedwater temperature 180 deg. fahr. What per cent of 
the total steam generated by the boiler is necessary to operate the pump? 

2 . A triple-expansion pumping engine delivers 30,310,000 gallons of water in 24 
hours against a head of 61 lb. per sq. in., initial steam pressure 200 lb. abs., developed 
hp. 800, water rate 10.33 lb. per br.hp-hr., steam initially dry. Required the duty 
per 1000 lb, of dry steam and per million B.t.u. Temp, of condensate, 92 deg. 
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8 . Determine the cylinder dimensions of a direct-acting single-cylinder feed pump 
suitable for a 500-hp. boiler, maximum overload 100 per cent, boiler pressure 115 lb. 
abs., feedwater temperature 70 deg. fahr. 

4 . Required the probable i.hp. when operating at maximum capacity. 

6. Which is the more economical in heat consumption as a pump, an injector or a 
motor-driven triplex power pump? Boiler pressure 100 lb. abs., feedwater supply 
60 deg. fahr., injector delivers 16 lb. of water per lb. of steam, overall efficiency of pump 
and motor 60 per cent. 

6 . Approximate the cylinder dimensions of a wet-air pump for a 750-hp. engine 
using 16 lb. steam per i.hp-hr., initial pressure 150 lb. abs., vacuum 26 in. (barometer 
30 in.), dry steam at admis.sion, initial temperature of injection water 70 deg. fahr. 

7 . Required the horsepower necessary to operate a centrifugal circulating pump for 
a surface-condenser installation using 1000 gallons of water per minute, total head 
pumped against 50 ft., initial temperature of circulating water 70 deg. fahr. 

8. If a motor-driven centrifugal pump (head and temperature conditions as in 
Problem 7) is installed in connection with a 1000-lip. engine and the ratio of cooling 
water to condensed steam is 30 to 1, required the per cent of main engine power neces- 
sary to operate the pump at rated load. Water rate 16 lb. per hp-hr. 

9. If the pump in Problem 8 is driven by a steam engine using 50 lb. steam per 
hp-hr. and the exhaust is used for heating the feedwater, required the per cent of 
main engine heat supply necessary to operate the pump. Main (mgine initial pressure 
150 lbs. abs., vacuum 26 in. (barometer 30 in.), circulating-pump engine initial pressure 
100 lb. abs., back pressure 16 lb. abs. Assume dry steam at admission in both cases; 
hot-well tempe»'ature 110 deg. fahr. 



CHAPTER XV 

SEPARATORS, TRAPS, AND DRAINS 

293. General. — While separators, traps, tu J drains appear to be insig- 
nificant factors in the steam power plant, the economy and ph3^sical 
operation of the station are largely dependent upon their correct installa- 
tion and proper functioning. High-pressure saturated steam flowing 
from boiler to prime mover or auxiliaries always contains more or less 
water, due either to priming or foaming in the boiler or condensation in 
the pipe lines. Aside from increased conductivity due to the higher 
density which increases the condensation losses, the water content may 
cause water hammer in the pipe line or even destruction of the prime 
mover and auxiliaries if they are of the reciprocating type. With steam 
turbines, the moisture content reduces efficiency and causes excessive 
erosion of the blades. Practically all of the scale-forming elements carried 
along with steam are in the moisture content, so that elimination of the 
moisture will remove these impurities and prevent them from fouling 
the superheater coils, clogging the valves and fittings, and cutting the 
turbine blades. An eflBcient separator, such as the “ Tracy Steam 
Purifier,” placed within the boiler and taking the place of the customary 
dry pipe, will insure perfectly dry steam delivery to the superheater or to 
the main steam header. Drip pockets, which are in reality steam separa- 
tors, placed at suitable points in the pipe line, will remove a considerable 
portion of the water entrainment, while a correctly designed steam separa- 
tor, located at the engine throttle, will eliminate all but a trace of the 
moisture carried to that point. Exhaust steam from reciprocating engines 
and pumps contains not only moisture due to cylinder condensation and 
that resulting from work done by the steam, but a varying amount of the 
oil used for lubrication. The greater part of the oil appears as an emulsion 
with the moisture in the exhaust, so that elimination of the moisture will 
automatically remove the oil. Where oil-free exhaust is necessary for 
industrial processes or where the exhaust is to pass into a low-pressure 
turbine and moisture-free steam must be provided to prevent excessive 
blade corrosion, an oil eliminator or separator will remove nearly all the 
emulsified condensate. The moisture trapped from the high-pressure 
lines, steam jackets, receiver coils or other high-pressure appliances has a 
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considerable heat content and, unless the plant is so small that this heat 
is of little consequence, it is customary to reclaim the condensate and 
return it directly to the boiler, heater, or hot-water storage tank. This 
duty is performed by steam traps, or similar automatic return apparatus. 

Theoretically, there is no need for live steam separators, traps, or drains 
in superheated steam lines where the temperature is never less than 
saturation, but in starting up there is always some condensation, and at 
times there is a possibility of the superheater becoming flooded and of 
slugs of water being carried over into the piping system. To provide 
against the water reaching the prime mover, drip pockets are placed in 
the line, suitable drains at the superheater, and frequently a steam separa- 
tor at the throttle. Whenever it is desired to use small piping with steam 
at high velocities and at the same time reduce the velocity at the throttle 
or provide a damping effect for pulsation, a receiver-separator placed 
close to the throttle will effect the desired result. 

Separators, traps, and drains are designed for all grades of service, high 
pressures, medium or low pressures and vacuum. Some of the more 
important appliances will be briefly described. 

294. Live Steam Separators. — Any pocket placed in a horizontal run 
of piping will remove all or a part of the moisture entrained with the 
steam, pi^vided the velocity is not such as to carry all the water in sus- 
pension. For velocities below 10 ft. per sec., practically all the water 
will collect in a pocket having a diameter of opening equal to that of the 
pipe, but since this is far below the minimum velocity allowed in most 
stations, a plain drip pocket will remoye only a portion of the water en- 
trainment. In order to remove the greater part of the moisture, the 
separating vessel must be designed so that one or more of the following 
principles are employed. 

1. Reverse-current. The direction of the flow is abruptly changed, 
usualty through 180 deg. This causes the water in the steam, on account 
of its greater specific gravity, to be thrown into a receiving vessel, while 
the steam passes on in a reverse direction. 

2. Centi^ugal force. A rotary motion is imparted to the steam, 
whereby entrained water particles are eliminated by centrifugal force. 

3. Baffle-plktes. The flow is interrupted by corrugated or fluted 
plates, to the surfaces of which the water particles adhere and from which 
they fall by gravity to the well below. 

4. Mesh. The separation is brought about by mechanical filtration 
throu^ screens or meshes. 

The following outline shows the classil^cation of typical separatots, in 
accordance with the above principles: 
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lave-steam separators, 


Reverse-current 
Centrifugal 

Baffle-plate. . . . 
Mesh 


Hoppes. 

Stratton. 

Keystone. 

Hagan 

Robertson. 

Bundy. 

Austin. 

Tracy. 

Direct. 

Potter. 


A series of tests made at Armour Institute of Technology in 1905 on a 
number of separators showed that the efficiency of separation decreased 
as the velocity of the steam increased. At the low velocity of 500 ft. per 
min. all separators were equally efficient (about 99.8 per cent), at a velocity 
of 5000 ft. per min. several had little effect, and at a velocity of 8000 ft. 
per min. only one gave efficient results. For this reason, it is better to 
err in installing too large a separator than one which is too small. Further- 
more, the pressure drop through the separator increases approximately as 
the square of the velocity and may become excessive at velocities over 
100 ft. per sec. 

Reverse-current Steam. Separators. — Figure 492 shows a section through 
a Hoppes steam separator and illustrates the principle of reverse-current 
separation. Steam may flow through in either direc- 
tion. Both the inlet and outlet ports are surrounded 
by gutters C, C, partly filled with water, which inter- 
cept the moisture following the surface of the pipe, 
while the downward plunge of the steam throws the 
entrained water to the bottom of the separator. The 
condensation is carried from the troughs by pipe P 
to the well below, from which it is trapped at D in the 
usual way. The velocity -of the steam in passing 
through this separator is greatly reduced to prevent 
the steam from taking up the water in the bottom of 
the well. This is brought about by increasing the 
area of the passage through the separator. 

Figure 493 gives a sectional view of a Stratton 
separator, which, though primarily of the reverse-cur- 
rent type, embodies also the principle of centrifugal 
rator consists of a vertical cast-iron or cast-steel cylinder with an in- 
ternal central pipe C extending from the top downward for about half 
the height of the apparatus, leaving an annular space between the 
two. The current of steam on entering is deflected by a curved par- 
tition and thrown tangentially to the annular space at the side, 



Fig. 492. Typical 
Reverse - current 
Separator. (Hop- 
pes.) 

force. The sepa- 
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near the top of the apparatus. It is thus whirled around with all the 
velocity of influx, producing the centrifugal action which throws the 
particles of water against the outer cylinder. These adhere to the sur- 
face, so that the water runs down continuously in a thin sheet around the 



Fig. 4C3. Stratton Steam Fig. 494. Combined Reverse-current and 

Separator. Centrifugal Separator. (Keystone.) 


outer shell into the receptacle below. The steam, following in a spiral 
course to the bottom of the internal pipe, abruptly enters it, and passes 
upward and out of the separator without having once crossed the stream 



trifugal Sepai^ator. 
(Swartout.) 


of separated water. The rapid rotation of the 
current of steam imparts a whirling motion to the 
separated water which tends to interfere with its 
proper discharge from the apparatus. The sepa- 
rator has therefore been provided with wings or 
ribs E projecting at an acute angle to the course 
of the current, which have the effect of breaking 
up this whirling motion and allowing the water to 
settle quietly at the bottom, whence it passes off 
through the drain pipe D. 

Centrifugal Steam Separators. — Figure 495 shows 
a section through a Swartout centrifugal separator. 
The helix in the inlet opening imparts a whirling 
motion to the steam without reducing its velocity. 
The water particles are thrown against the wall 


by centrifugal force, while the steam passes on in a dry state. 


Boffle-ploJte Steam Separators. — Figure 496 gives an interior view of a 
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Bundy separator and illustrates the application of baffle plates for live- 
steam separation. This separator consists of a rectangular cast-iron 
casing with a cylindrical receiver beneath it. Directly across the steam 
passage are baffle-plates corrugated for the reception of entrained water. 
The plates consist of vertical castings, each containing a main artery or 
channel which leads directly to the receiver. The fronts of the plates 
are flat, with a series of recesses sloping inwards and downwards, ter- 
minating in an opening of capillary size leading to the main artery. The 
plates are staggered, so that the steam must impinge against all of them 
in its passage. The particles of water adhere to the plates, collect, and 
fall by gravity into the receiver. The flanges at the bottom constrict 
the opening of the reservoir so as to prevent the steam from picking up 
any portion of the water. 

Figure 497 shows a section through an Austin separator and illustrates 
another class embodying the fluted baffle-plate principle. The steam in 



Fig. 496. Bundy Steam Sepa- 
rator. 



Fig. 497. Austin Steam Sepa- 
rator. (Fluted Baffle.) • 


passing through the chamber impinges against the fluted baffle-plate B. 
The moisture adheres to the surfaces, collects and trickles along the cor- 
rugations to the bottom of the well. These corrugations are formed in 
such a manner that the steam cannot come in contact with the water 
particles after they have been once eliminated. A perforated diaphragm 
D prevents the water in the well from coming in contact with the steam. 
The current of steam is also reversed, thus giving additional separating 
properties to the apparatus. 

The Tracy steam purifier or dry pipe ” consists essentially of a number 
of rows of baffle plates placed inside the boiler (taking the place of the 
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customary dry pipe) in such a manner that the steam in flowing through 
the narrow channels impinges against the surface and leaves the moisture 
adhering to them. The velocity through the channels is very low (750 ft. 
per min.) so that the moisture is not picked up again by the steam. The 
moisture gravitates to the bottom of the chamber and is discharged to waste. 

Mesh Separators, — Figure 498 shows a section through a direct '' 
separator, illustrating the principle of mesh separation. These separators 
are made with steel bodies and cast-iron heads and bases, in all sizes up 



to 6 in. inclusive, the larger sizes being constructed 
of cast-iron or boiler plate. The cone C, perforated 
lining E, and diaphragm S are made of cold-rolled 
copper; the cone 0 is a substantial gray-iron cast- 
ing, resting on three cast-iron supports hooked over 
the top of inner pipe as indicated. The method of 
operation is as follows: The accumulated moisture 
around the walls of the steam pipe is caught by the 
upper edge of cone C and carried down back of lining 
E to the water chamber. The current of steam 
entering the separator impinges upon the conical 
surface, which is composed of solid plate 0 covered 
with sieve S, through which water may freely pass 
but from which it cannot readily escape. Passing 
through the sieve and depositing on the solid sur- 
face of the cone 0, this water is carried by con- 
ductors P to the water chamber. Perforated lining 
E permits the moisture content of the steam to pass 


through the opening to the water below 
and prevents it from coming in con- 
tact again with the current of steam. 
A trough is provided at the lower edge 
of the inverted cup, which leads all 
the water that may adhere to it to 
the water chamber. The steam flows 
through the passages indicated by 
arrows and is subjected to a whip- 
snapping action which tends to throw 
off any remaining moisture. The per- 
forated plate D prevents the steam 
from picking water out of the water 
chamber. 



Figures 499 and 600 show typical installations of live-steam receiver- 


separators to steam turbines. With reciprocating steam engines, it is 




SEPARATORS, TRAPS, AND DRAINS 693 

customary to place the separator close to the main throttle without inter- 
mediate piping. 

1395. Exhaust-steam Separators and Oil Eliminators. — The function 
of an exhaust-steam separator is the removal ot cylinder oil from the steam 
exhausted by engines and pumps. In plants where exhaust steam is used 
for heating, it is quite essential to remove the oil from the steam before it 
enters the heating system, for the oil not only reduces the efficiency of the 
radiators by coating them with an 
excellent non-conducting film but is 
an element of danger to the boiler 
itself. In surface-condensing plants 
the separator will prevent the oil 
from fouling the condenser tubes 
and those of the vacuum heater (if 
one is installed); this is an impor- 
tant factor, since the oil or grease 
lowers the efficiency of the heat 
transmission. 

In a general sense, a live-steam 
separator is also an oil eliminator, 
and all the separators previously 
described perform this function to 
a certain extent, since the under- 
lying principles governing the elimi- 
nation of oil from exhaust steam 
are similar to those employed in 
removing water from steam. Most of the separators described above 
are also designed in lighter fonn, as oil eliminators, but by far the greater 
number are based on the fluted baffle-plate principle, of which the Austin, 
Bundy, Cochrane, Utility, Crane, and Keiley are well-known examples. 
This type of oil separator will eliminate a considerable portion of the 
oil in the steam, provided the baffle-plates or corrugated surfaces are 
frequently cleaned. 

Since the velocity through exhaust steam pipes, particularly in con- 
densing plants, is much higher than with live steam, the separator chamber 
and the separating surface must be of sufficient size to reduce the 
velocity; otherwise, separation will be inefficient. 

A very successful method of removing oil from steam is to project the 
steam on to the surface of a body of water. The water may be hot or 
cold and will hold the oil if it once reaches the surface. It is essential, 
however, to reduce the velocity of the steam as it passes on its way to 
the outlet. 



Fig. 500. Separator Applied to Steam 
Turbine — Overhead Steam Main. 
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The most efficient method of removing all traces of oil is by combined 
filtration and absorption. A large chamber filled with coke, brick, broken 
tile, or other absorbing material is placed in series with the exhaust pipe. 
The steam passing through this chamber is entirely freed from oil and 
moisture, provided the absorbing material is sufficient in quantity and is 
replenished as soon as it becomes saturated with oil. The annoyance 
attending the removal and replenishing of the absorbing material at 
frequent intervals and the great size of the apparatus are serious draw- 
backs. An example of this system of purifica- 
tion, in which many of the objectionable fea- 
tures are reduced to a minimum, is the Loew 
grease and oil extractor, Fig. 501. The ex- 
haust steam enters the chamber at the top, 
strikes a large deflecting plate shaped like an 
inverted F, and permits part of the condensa- 
tion and oil to be drawn off by the drain pipe. 
The steam then rises and is deflected, as in- 
dicated, against a series of shelves filled with 
fibrous material covered with coarse wire 
screens. The grease is removed from each 
shelf by suitable drains. This apparatus is 
sectional and any num- 
ber of sections may be 
added without affect- 
ing the rest. 

In a non-condensing 
plant where the ex- 
haust steam is used for 
heating purposes, the 
oil separator is ordinarily placed in the main 
exhaust pipe just before it enters the heating 
system. Where several branches enter one main, 
it is not customary to place a separator in each 
branch, one large separator located as above being 
sufficient. Oil separators are also incorporated in 
the body of exhaust-steam feedwater heaters. If 
the exhaust is discharged directly to waste, there 
is no need for a separator except to prevent the oil and water from 
fouling the roof and polluting the surrounding neighborhood. A separator 
placed on the roof and at the end of an exhaust pipe is usually designated 
as an exhaust head. 

On condensing plants, exhaust steam separators and oil eliminators are 



haust Head. 



Fig. 501. Loew Grease 
Extractor. 
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used only in connection with surface condensers or heaters or when the 
exhaust is passed into a low-pressure turbine. Where a jet condenser is 
used, the hotwell itself acts as an efficient oil separator. 

296. Disposal of Drips. — The water condensed or otherwise deposited 
in high-pressure lines should be removed as rapidly as possible to prevent 
water hammer, blade erosion in turbines, and possible wreckage of piston 
prime movers and auxiliaries. These high-pressure drips, whether col- 
lected in small individual drip pockets, separators, or a common reservoir, 
contain considerable heat, are free from impurities and therefore should 
be returned to the boiler either directly or indirectly. The same is true 
for all water of condensation however formed and of whatever tempera- 
ture, provided the quantity involved is not too small to cover the invest- 
ment cost of the return equipment, and the quality is not such as to re- 
quire expensive treatment. In small plants with low load factors, it is 
frequently more economical to discharge all condensation to waste; in 
large stations, it may be advisable to save the high-pressure drips and 
waste only the contaminated low-pressure con- 
densation; but in the large modern central sta- 
tion, provision is made for utilizing all condensate 
both as regards the heat content and the water 
itself. 

Figure 503 shows one of the simplest means 
of disposing of the drips in a small piston en- 
gine where the quantities involved arc too small 
to warrant conservation. The water collected 
above the throttle valve and the condensation 
in the cylinder in starting up are blown directly 
into the exhaust pipe. This system makes no 
provision for water carried over in large quan- of Draining Drips, 
tities while the engine is in operation. Possible 

wreckage of the engine from this cause may be prevented by placing 
large spring-load snifting valves at the ends of the cylinder. 

In small plants with low load factors, and where there is a deficiency 
of exhaust steam for feedwater heating, the high-pressure drips are fre- 
quently piped directly to the heater, the valves in the drip pipes being 

cracked to pennit a continuous flow of condensate to the heater. 
When there is sufficient exhaust to heat the feedwater to a temperature 
corresponding to that of the exhaust, this may entail a serious loss since 
it is practically impossible to open the valve so as to let only water escape. 
In order to prevent the steam from escaping and at the same time permit 
all condensation to be discharged to any desired point having a pressure 
less than that of the steam, automatic steam traps or condensation-control 
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appliances are employed. Steam traps, in fact, are used for this purpose 
in practically all plants. In some of the older plants, high-pressure drips 
were automatically and continuously retumed«to the boiler by the steam 
loop or Holly loop, but few of the modern plants are equipped with these 
devices. 

Low-pressure drips, if contaminated with oila are either discharged to 
waste directly or through th# agency of steam traps. If the condensate 



is pure and fit for re-use as feedwater, it is usually returned to the boiler- 
feed system by the same means. Where large quantities of water are to 
be handled, some type of pump is preferred to the trap system. 

297. Steam Traps. — Automatic steam traps may l)e divided into 
several classes, depending upon the service for which they are intended: 
(1) return traps, in which the water is returned directly to the boiler; 
and (2) non-retum traps, in which the condensation is discharged into 
any receptacle having less than boiler pressure. They may also be classi- 
fied according to the steam pressures involved as (a) high-pressure, (6) 
low-pressure, and (c) vacuum. All of these classes may be subdivided 
into five types according to the principle of operation, viz: 

I. Float. III. Bowl. 

II. Bucket. IV. Expansion. 


V. Differential. 
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CLASSIFICATION OF A FEW WELL-KNOWN STEAM TRAPS 


Steam Traps, 


Fl«at 

Bucket. . . 
•ump. . . . 

Expansi#n. 


Differential. 


Johns-Manville . 
McDaniel. 

Acme. 

Kieley. 

Bundy. 

Mtrehead. 

Metal 

Fluid 

Flinn. 

Sipli^. 


( Columbia. 
Geipel. 

( Webster. 
Sarco. 


Float Traps. — Figure 505 shows a section through a Johns-Manville 
trap, illustrating one of the simplest types of float valves. The float is 
unattached and free to revolve in any direction, and acts as the valve 
seat. When completely discharged, the unbalanced pressure in the body 
of the trap holds the ball against its seat. Water gravitating into the 
trap lifts the ball off its seat and is discharged through .he orifice by the 
steam pressure acting upon the surface of the liquid. This process con- 
tinues until the level in the vessel once more brings the ball in contact 



Fig. 505. Johns-Manville Trap. 



Fig. 506. Typical Lever-float Trap. 


with the seat. The maintenance expense of this style of trap is very low. 
Figure 506 illustrates a float trap of the lever type. The rising and 
falling of the float opens and closes the valve in proportion to the rate of 
discharge. 

Unless float traps are well made and proportioned, there is a danger of 
considerable steam leakage through the discharge valve, due to unequal 
expansion of valve and seat and the sticking of moving parts. The discharge 
from a float trap is usually continuous, since the height of the float, and 
consequently the area of the outlet, is proportional to the amount of 
water present. When the trap is working lightly, this adjustment is apt 
to throttle the area and create such a high velocity of discharge as to cause 
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a rapid wear of valve and seat. This defect is more or less evident in all 
steam traps discharging continuously. For this reason all wearing parts 
should be accessible and readily replaceable. 

Bucket Traps, — Figure 507 shows a section through an Improved 
Acme ” steam trap. The water of condensation enters the cast-iron vessel 

at A, filling the space D between the 
bucket E and the walls of the trap. This 
causes the bucket to float and forces valve 

V against its seat (valve V and its stem 
being fastened to the bucket as indicated). 
When the water rises above the edges of 
the bucket, it overflows and causes the 
bucket to sink, thereby withdrawing valve 

V from its seat. This permits the steam 
pressure acting on the surface of the water 
in the bucket to force the water through 
the annular space H to discharge 'opening 
G. When the bucket is emptied, it rises 
and closes valve V and another cycle begins. 
By closing valve R the trap is by-passed 

and the condensation blows directly through passage C to discharge G. 
The discharge from this type of trap is intermittent. 

Dump or Bowl Traps, — Figure 508 shows an elevation of a Bundy 
bowl trap of the ** return ” design. The water enters the bowl as indi- 
cated, passes through trunnion T and rises 
until its weight overbalances counterweight 
W and the bowl sinks to the bottom. As 
the bowl sinks, arm A, which is a part of .the 
bowl, rises and engages the nuts N on valve 
stem S and opens valve V, thus admitting 
live steam pressure on to the surface of the 
water. The trap then discharges like all 
others. After the water is discharged, weight 
W sinks and raises bowl B, which in turn 
closes valve V, and the cycle begins again. 

Air valve E is for the purpose of equalizing 
the pressure in the chamber immediately after 
discharge. This valve closes just as valve V 
opens and conversely opens when valve V 
closes. The air valve is vented to the 
atmosphere. Bowl traps are necessarily intermittent in their dis- 
charge. 



Fig. 508. Typical Dump or 
Bowl Trap. 



Trap. 
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Expansion Traps, — Expansion traps may be divided into two groups: 
(1) those in which the discharge valve is operated by the relative expansion 
of metals, and (2) those in which the action of a volatile fluid is utilized. 

Expansion traps will never freeze, as they are open when cold and all 
the water drains out before the freezing temperature is reached. 

Since traps of this type have little capacity for holding water, 5 to 10 ft. 
of pipe should be provided between the trap and the pipe to be drained, 
in order that the condensation fnay collect and cool. 

Figure 509 shows the general appearance of a Columbia expansion trap 
in which the valve is operated by the expansion of metallic tubes. Water 
gravitates to the trap through the opening marked “ inlet,^^ passes through 
brass pipe 0, then downward to the main body of the valves and back to 
outlet valve C. Below pipe 0 and parallel to it, is an iron rod S, at the 
end of which is the support oi- fulcrum of lever H. The lower end of this 
lever is connected to the stem of the valve C, so that any movement of 
the lever is communicated to it. When the trap is cold, valve C is open 
and all water of condensation passes out. The mom'uit steam enters 
the pipe 0, it expands. The amount of expansion is multiplied several 



Trap (Lever Type). 


times by the action of the lever R, so that the movement of the valve is 
much greater than the expansion of the pipe 0. The compensating 
spring D prevents the brass tube from damaging itself by excessive expan- 
sion. Lever A permits the trap to be blown through by hand. 

Figure 510 shows a section through a Geipel trap in which the valve is 
operated direct.y by the expansion of two metallic tubes and the move- 
ment is not multiplied by levers as with the Colunibia. The lower or 
brass pipe constitutes the inlet and is connected to the vessel to be drained; 
the upper or iron pipe is the outlet for discharge. The two pipes form the 
sides of an isosceles triangle, the base F of which is rigid, while the apex 
A is free to move in a direction at right angles to the linear expansion of 
the tubes. When cold, the brass pipe is contracted, and the apex, in which 
the valve seat is placed, is moved down so that the valve is open and the 
water is discharged. As soon as steam enters the brass pipe, the latter 
expands and forces the valve seat against the valve. The trap may be 
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Spirally 

Valve Head 


adjusted for any pressure by means of the lock nuts E. When it is desired 
to blow through, the valve may be operated by hand by pressing the 
lever. 

Figure 511 shows a section through a Webster 
silphon trap, illustrating the expansion principle 
in which the motive power is the pressure of a 
volatile fluid. This style of trap is suited to com- 
paratively low prej^ures only, and has practically 
supplanted all others for low-pressure drains. 
The bellows is formed from a single seamless 
piece of metal and is filled with a charge of 
volatile fluid or vapor which boils at a compara- 
Fig. 511. Webster tively low temperature. When cold the bellows 
Silphon 1 rap. contracted and the valve is open. As soon as 

the temperature for which the silphon is designed is reached, the volatile 
fluid boils and pressure is developed, 
extending the bellows and forcing the vaivenea.iCo?ff& 
valve against its seat. When the tern- ^ 

perature drops, owing to the cooling of 
the condensate, the pressure in the 

silphon is lowered, the c^trjdge j ] 

I bellows contracts and Fig. 512. Sarco Steam Trap. 

J the valve opens. 

Figure 512 shows a section through a Sarco steam 
trap which differs from the Webster in that the actua- 
ting fluid (a heavy hydrocarbon oil) surrounds the 
silphon bellows. This device is suitable for pressures 
up to 200 lb. per sq. in. 

Differential Traps, — Figure 513 shows a cross sec- 
tion through a Flinn differential trap. The column of 
water X acting on diaphragm D closes valve V. The 
water entering pipe E and the action of the spring 
equalize column X and open the valve. Describing 
the action in further detail, the water of condensation 
enters at A, fills lower chamber F, pipe X, and 
receiving chamber C up to the level of the top of 
Fig 513^ Flinn Diff- column of water acting on the under 

erential Trap. diaphragm D forces The valve to its seat 

against the counter pressure of the spring S. Any 
additional water that enters the trap overflows through pipe JS, filling 
chamber F and pipe £ to a point about midway of its height, where the 
effect of the column of water in pipe X is balanced. The pressure on 


Fig. 512. Sarco Steam Trap. 
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each side of the diaphragm is then equal, the short column in pipe E, 
aided by the spring, balancing the pressure of the longer column in 
pipe X, Any further increase in the height of the water in pipe E 
causes a depression of the valve V, which allows water to escape until 
the column has fallen to a level a little below the middle of pipe jG', when 
this valve closes again. This action is repeated at intervals according 
to the quantity of water entering the trap. So loi:g as the water keeps 
coming in sufficiently large quantities, the valve remains wide open. 

Siphon Traps. — Figure 514 gives a general view of a siphon trap, 
which is much used in draining low-pressn'e systems, as, for example, 
the separator in an exhaust-steam heating system. It consists essentially 
of two legs A and jB, which may be close together or any distance apart, 
but the lengths of which must be sufficiently great to 
prevent pressure, acting through pipe /, from forcing the 
water out of B. C is a vent pipe extending to the air to 
prevent siphoning; 0 is the discharge for the condensed 
steam. In ordinary operation B is filled with water which 
is constantly overflowing, and A with steam and water, l.ie 
total pressure in both legs being equal. The siphon trap 
is applicable for low pressure only, as it requires approxi- 
mately 2.3 ft. of vertical space E for each lb. per sq. in. 
pressure in the pipe. Allowable head is represented by 
vertical distance N. 

Wherever possible, a trap should be located so that the 
condensation will flow into it by gravity. This will insure 
positive drainage. Sometimes, however, the; coils, cylin- Fig. 514. Sim- 
ders, or pipes to be drained are located in a pit or trench or Siphon 

lie on a basement floor where it is impossible to set the trap 
so as to receive the drips by gravity without placing it in an inaccessible 
position. With very low pressures this is often unavoidable, but with 
pressures of 5 lb. or more the trap may be placed above the point to be 
drained. If a trap is set in an exposed place, a drain should be provided 
at the lowest point to free the pipe of water when steam is shut off. A 
dirt catcher or strainer should be placed in tho pipe leading to the trap 
to prevent scale, etc., from reaching the valve. All pockets and dead ends 
should be drained, and no condensation should be allowed to accumulate. 
High- and low-pressure drips should be kept separate. All tanks should 
have gage glasses. 

Return Traps. — The traps previously illustrated, with the exception 
of the one shown in Fig. 508, are of the non-return or separating design 
and are intended primarily to discharge the condensate to any vessel 
having a pressure less than that of the actuating steam. In order to 
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return the condensate to the boiler or to remove it from a chamber under 
vacuum, it is necessary to add equalizing valves for the purpose of 
admitting high-pressure steam when the trap is ready to discharge and 
for relieving the pressure after the water has been disposed of. These 
valves are usually incorporated in the design of traps intended for this 
service. Figure 515 shows the basic principles of a return trap. The 
trap must be placed 3 ft. or more above the water line in the boiler so 
that the water may gravitate to the latter. When empty, the trap is 
vented to the atmosphere and is ready to receive the water from the 
return line A. If the pressure in the return pipe is not sufficient to lift 

the water into the trap, a pump or a 
non-return trap must be used to effect 
this result. Water flows into the return 
trap until it reaches the discharge point, 
when the equalizing valve closes the 
vent to the atmosphere and admits 
boiler steam into the body of the trap. 

As soon as the head of the water in 
the discharge pipe 0, plus that of the 
live steam in the trap, is greater than 
the pressure against check valve D, the 
water will gravitate into the boiler. At 
the end of discharge, the float or actua- 

Fig. 615. Retum-Tiap Instalktion. ^ing mechanism shuts off the live steam 

and opens the vent to the atmosphere, 
and the trap is in position once more for receiving its supply from the 
return line. The check valve C prevents the water from being forced 
back to the return pipe while the trap is discharging. 

When extracting condensate from a vacuum chamber, the trap must be 
placed so that the water will flow into it by gravity. When full, the 
actuating mechanism opens the steam valve for admission of live steam, 
which in turn forces the contents out of the trap through a discharge 
valve. When empty, the mechanism returns to the filling position, closes 
the steam and discharge valves and opens the vent to the vacuum chamber. 
The condensate then gravitates into the trap as before. 

The steam loop, Fig. 516, while a practical means of returning high- 
pressure drips to the boiler in small plants, is little used because of the 
annoyance in starting up. It is of academic value, however, in showing 
how water may be returned to the boiler without the use of a trap, pump 
or injector. 

In the figure the loop is returning the condensation from a steam separa- 
tor to a boiler above the level of the separator. The apparatus is very 
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simple, consisting of one horizontal and two vertical lengths of plain pipe 
placed as indicated. Pipes R and B may be covered, but horizontal 
A is left uncovered, as its function is that of a condenser. The operation 
is as follows: Circulation is first started by opening stop valve 0 at the 
bottom of the drop leg until steam escapes. The valve is then closed 
and the steam in the hoi-izontal A condenses and gravitates to the drop 
leg B. On account of the slight reduction in pressure in the horizontal, 



a mixture of spray and steam flows from the separator chamber to the 
horizontal, and, condensing, gravitates to the drop leg. The column of 
water in the drop leg rises until its static head balances the difference of 
pressure in the riser R and the horizontal. 

In other words, a decrease in pressure in the horizontal produces similar 
effects on the contents of the riser and drop leg but in a degree inversely 
proportional to their densities. Any further accumulation causes an equal 
amount to pass from the bottom of the column to the boiler, since the 
pressure in the boiler is then less than that at the bottom of the column; 
that is, the steam pressure on the top of the water column plus the hydro- 
static head H is greater than the pressure in the boiler. Once started, 
the process is continuous and requires no further attention. 

The Holly loop is an application of the steam loop to larger plants where 
there are many points requiring drainage. There are a number of the 
older plants employing this system of returning high-pressure drips to the 
boiler, but its use has been practically discontinued in the modern high- 
pressure central station. In the Holly system, all condensation is collected 
in a common receiver placed at the lowest point to be drained. The 
horizontal is a large cylindrical tank located at a considerable height 
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above the boiler room and connected with the feedwater heater through 
a reducing valve. A riser connects the receiving chamber with the upper 
tank, and a drop leg leads from the tank to the boiler drum below the 
lowest water level. In starting up, a valve in the bottom of the drop leg 
is opened to the atmosphere until there is a continuous flow of steam and 
water entrainment from receiver through this opening. The valve is then 
closed, and, by bleeding the upper tank through a reducing valve into 
the feedwater heater, a pressure is maintained in the upper tank or dis- 
charge chamber sufficiently below that of the steam in the receiver to 
permit of a continuous flow of steam and water spray from the receiver 
through the riser and into the discharge tank. The steam separates from 
the water and passes through the reducing valve into the heater, while 

the water collects in the bottom of the dis- 
charge tank and in the drop leg until the 
head of the steam and water is sufficient to 
overcome the resistance of the check valve 
in the boiler. The principles of operation 
are exactly the same as in the simple loop. 
The process is automatic and continuous so 
long as the plant is in operation. 

Figure 517 gives a general assembly of 
the S-C ” high-pressure condensation con- 
troller as installed in the Calumet, Crawford, 
Waukegan, and Philo stations. It is identical 
in principle to S-C ” feedwater regulator 
described in paragraph 292. The water of 
condensation gravitates to a suitable receiv- 
ing tank and the fluctuations in level actuate 
a balanced valve in the discharge line through 
the agency of the S-C ” generator. Where 

the return lines arc too long to permit of 
Fig. 617, High-pressure x i • n • u 

j X- o X 11 central receiver, a small receiver may be 

Condensation Controller. \ 

placed near the condensation source since the 

apparatus is compact and requires but little space. 

In the power plants of tall office buildings, the public sewers are often 
above the basement level, and it is necessary to remove all liquid wastes 
mechanically. ^ 

The Shone pneumatic ejector, which is in principle a float trap, has been 
found to serve this purpose effectually. This apparatus is placed in a 
pit in the basement floor into which all sewage, drips from engines, wash- 
ings from boilers, and groimd water gravitate, and are automatically dis- 
charged into the street sewer by means of compressed air. 
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Figure 618 gives a sectional view of a Shone ejector of ordinary con- 
struction. It consists essentially of a closed vessel furnished with inlet 
and discharge connections fitted with check valves, A and J5, opening 
in opposite directions with regard to the ejector. Two cast-iron bells, 
C and D, are linked to each other, in reverse positions, and their rising 
and falling control the supply of compressed air through the agency of 
automatic valve E. 

The bells are shown in their lowest position; the supply of compressed 
air is cut off from the ejector, and the inside of the vessel is open to the 
atmosphere. The sewage gravitating into the 
ejector raises the bell C, which in turn actuates 
the automatic valve £, thereby closing the con- 
nection between the inside of the ejector and 
the atmosphere and opening the connection 
with the compressed air. The air pressure 
expels the contents through the bell-mouthed 
opening at the bottom and the discharge valve 
B into the main sewer. Discharge continues 
until the level falls to such a point that the 
weight of the sewage retained in the bell D is 
sufficient to pull it down, thereby reversing 
the automatic valve. This cuts off the supply 
of conipressed air and reduces the pressure to 
that of the atmosphere. 

The positions of the bells are so adjusted that compressed air is not 
admitted imtil the ejector is full, and is not allowed to exhaust until 
emptied down to the discharge level; thus the ejector discharges a fixed 
quantity each time it operates. 

Two ejectors, each of a capacity suitable for handling the average 
flow of tributary sewage and so arranged that they can work either inde- 
pendently or together, are usually installed at each ejector station. 

The main sanitary sewer of the building usually discharges directly 
into the ejectors, the surface water, drips, etc., being collected in a neigh- 
boring sump. The latter is connected to the sanitary sewer through a 
trap or backwater valve. 

Steam Traps — Their Selection^ Installation and Upkeep: Power, July 11, 1922, 
p. 45. 

Steamdrap Installation and Operation: Power, Oct. 9, 1923, p. 573. 

Tests of Radiator Traps: Jour. A.S.H. & V.E., Max., 1923, p. 79. 






CHAPTER XVI 
PIPIN6 AND PIPE FTITINGS 

99B. Cteneral. — The main object in any steam power station is to 
use the least piping possible, consistent with the requirements of the heat 
balance, and at the same time to provide facilities for shutting down any 
portion of the different apparatus and piping without interfering with the 
service for which the station is intended. Simplicity and flexibility are 
of prime importance, but safety is the fundamental requirement and should 
not be sacrificed for economy. 

While pipes, fittings, and valves have been pretty well standardized, 
there is no standard system of piping arrangement because of the diversi- 
fied la 3 mut of each power station. Each plant is a separate problem and 
the piping must be arranged to conform to its specific requirements. 

The engineer usually specifies the make, style, and size of valves, pipes, 
and fittings, furnishes drawings showing the location of the various boilers, 
pumps, etc., and indicates the approximate location of the pipe lines and 
fittings; but, as a rule, he leaves the exact details of construction and 
installation to the pipe contractor. Some idea of current practice in this 
respect may be gained from the piping specifications outUned in para- 
graph 374. 

A detaQed analysis of the design, installation, and operation of the 
various kinds of piping sjratems in power plants is beyond the scope of 
this book, and the reader is referred to Steam Power Plant Piping Systems, 
by Wm. L. Morris, McGraw Hill Co., Publishers, for extended study. 

2W. Materials for Pipes and Fittings. — An inspection of the curves 
in Kg. 98 will show that there is very little difference in the ultimate 
strength and yield point of the various metals used in the fabrication of 
pipes and fittings for temperatures between 70 and 450 deg. fahr. Abov^ 
450-500 deg. fahr., the ultimate strength and yield point begin to fall off, 
the rate of decrease varying widely with the character of the material. 
Therefore, for temperatures up to 450 deg. fahr. no attention need be paid 
to the temperature factor in proportioning the thickness of the various 
parts. In the modem central station involving t^peratures of 750 deg. 
fahr. and in certain industrial plants where temperatures of 1000 deg. 
are not uncommon, the temperature element is an important factor in 
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the design because of the greatly reduced ultimate strength and yield 
point. 

Wrought Steel. — The greater portion of the piping of the avepage steam 
power plant is of Bessemer or open-hearth steel made under the specifica- 
tions of tube mills for this class of material. The tubes are lap-welded, 
hammer-welded, butt-welded, riveted, or seamless-drawn depending upon 
the size of pipe and the service for which they are intended. Wrought- 
steel pipe is cheaper than that manufactured from other materials and 



Fio. 519. Effect of High Temperature on the Physical Properties 
of Wrought-steel Pipe. 

fulfills practically all requirements for general service. See Fig. 98 for 
influence of temperature on the ultimate strength, elastic limit, and 
elongation of wrought-steel pipe material. Pipe couplings, pressed-steel 
fittings, and certain grades of forged-steel flanges are also made from 
Bessemer or open-hearth steel. 

A.8.T.M. Specifications for Welded and Seamless Steel Pipe: Am. Soc. Testing 
Materials, Standards, 1921, A53, p. 218. 

Wrought Ircm. — The term wrought irpn in a commercial sense 
refers to Bessemer or open-hearth steel, and unless it is distinctly specified 
that genuine wrought iron is desired an order calling for wrought-iron 
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pipe will ordinarily be filled with the steel product. Genuine wrought 
iron is softer than steel and welds more readily, but its tensile strength is 
somewhat lower. It is commonly used for boiler tubes, and to a limited 
extent for water, gas, and steam pipes, but it is not much in evidence for 
high-pressure steam piping. Wrought-iron pipe has a longer life than 
steel under certain conditions: 

A,S,T,M, Spedf4xUi(msfor Seamless-steel and WroiLghirdron Boiler Tubes for Staiianary 
Boilers: Am. ^c. Testing Materials, Standards, 1921, A52, p. 210. 

Cast Iron, — Companion flanges, valve bodies, manifold headers and 
special fittings are made of gray cast iron for steam pressures up to 250 
lb. gage pressure and temperatures up to 450 deg. fahr. Cast iron is 
commonly used for underground water and gas service and in connection 
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Fig. 620. Standard Screwed Cast-iron Fittings. 


with certain industrial processes where the corrosion of wrought iron or 
steel would be excessive. The chief objections to cast iron for high- 
pressure steam are its weight, low tensile strength, and lack of ductility. 
While the tensile strength and yield point are little influenced by tem- 
peratures up to 1000 deg. fahr., it has been definitely proved that cast iron 
in actual service, when subjected to continued temperatures of approxi- 
mately 450-600 deg. fahr., takes a permanent expansion set and does not 
return to its original volume when cooled. Cast iron is little used in the 
steam piping systems of the modem high-pressure central station. 

Standard SpedfteatUma for Cattdnm Pipe and Special Fittings: Am. Soo. Testing 
Matmiab, Standards, 1821, A44, p. 336. 
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Steel. — All fittings, valve bodies, and manifold headers in the modem 
high-pressure high-temperature plant are made of cast or forged steel, 
straight or alloyed. The ultimate strength and yield points of these steels 
are high even at temperatures of 900 deg. fahr. and there is but little 
permanent set after long-continued service at a temperature of 750 deg. 

Malleable Iron and Semi-steel. — Small screwed fittings and various 
sizes of companion flanges are frequently made of malleable iron, which 
is midway between cast iron and cast steel in its composition and physical 
characteristics. Its tensile strength is about twice that of cast iron and 
it is not brittle and subject to breakage by a sudden blow. Semi-steel 
is a mixture of mild-steel «erap and pig iron with a small quantity of 
manganese or other special flux and it is used for larger-sized valves and 
fittings in which close grain and strength are needed but in which the 
temperature does not exceed 500 deg fahr. 

Miscellaneous Materials. — Copper, brass, bronze, and monel metals 
are the principal non-ferrous materials used for valves, fittings, or trim- 
mings. Brass valves and fittings are used where salt water is to be handled, 
because of the resistance of this metal to the corrosive action of the water, 
but are not in evidence in steam lines, except for low pressures and tem- 
peratures, and then only for pipe , sizes under 6 in. in diameter. Chrome 
nickel, because of its high tensile strength at high temperatures and high 
resistance against erosion and corrosion, is used almost exclusively for the 
internal trimmings of superheated-steam valves. 

Copper pipes were in common use for steam for many years in marine 
service on account of their flexibility. To increase the bursting strength, 
pipes above 6 in. in diameter were generally wound with a close spiral of 
copper or composition wire. In recent years wrought-iron and steel pipe 
bends have practically superseded copper for flexible connections. As a 
rule the use of copper pipes should be avoided for high temperatures, on 
account of the rapid deterioration of the metal under temperature and 
stress variations. The cost is prohibitive for such purposes and this alone 
prevents it from being seriously considered in the manufacture of pipe. 
Copper expansion joints are occasionally used in low-pressure work. 

Brass is little used in the construction of steam pipes except for certain 
industrial purposes, on account of its high cost. It withstands the corro- 
sive action of air and moisture much better than iron or steel and is some- 
times used in connecting the feed main with the boiler drum. Special 
alloys, nickel steeli ferrosteel, malleable iron, and the like have been 
used in the manufacture of pipes, and possess points of superiority over 
wrought iron and steel for some purposes, but the cost is prohibitive 
except for special applications. 

G^vanized iron pipes and fittings resist ordinary corroding agencies 



710 


STEAM POWER PLANT ENGINEERING 


more readily than the bare metal, but the coating is rapidly destroyed by- 
mine-water, tunnel gases and sea-water. 

Lead-lined and lead-covered cast-iron, wrought-steel, and brass pipes 
are used where internal and external protection against acids, mine water, 
salt water, and the like is essential. Tin-lined brass pipes are also used 
for this purpose. 

Protedm Coatings for Pipe: Bui. No. 8 C, 1922, National Tube Co., Pittsburgh, Pa. 

Properties of Metals ai High Temperatwres: Trans. A.8.M.E., Vol. 44, 1922, p. 1130; 
Power Plant Engrg., Aug. 1, 1924, p. 801; Power, Feb. 19, 1929, p. 330. 

300 . Size and Strength of Commerchd Pipe. — Wrought-iron and mild- 
steel pipes are marketed in standard .sizes. Those most commonly used 
in steam power plants are designated as 

1. Merchant or standard pipe. 

2. Full-weight pipe. 

3. Extra heavy or extra strong. 

4. Double extra heavy or double extra strong. 

5. Large O.D. pipe. 

6. Hydraulic. 

Table 88 gives the dimensions of standard full-weight pipe, which is 
specified by the nominal inside diameter up to and including 12 in. and 
based on the Briggs standard. Wrought-steel pipes larger than 12 in, 
are designated by the actual outside diameter (O.D.) and are made in 
various weights as determined by the thickness of metal specified. Manu- 
facturers specify that “ full-weight ” pipe may have a variation of 5 per 
cent above or 5 per cent below the nominal or table weights, but merchant 
pipe, which is the standard pipe of commerce, such as manufacturers and 
jobbers usually carry in stock, is almost invariably under the nominal 
weight. It varies somewhat among the different mills, but usually lies 
between 6 and 10 per cent under the table weight. The smaller sizes of 
merchant pipe, 1/8 in. to 3 in., are butt-welded and the larger sizes are 
lap-welded. 

Extra-heavy and double-extra-heavy pipe have the same external 
diameter as the standard in order to accommodate pipe-thread standards, 
but are of greater thickness and hence have a smaller internal diameter. 
Taking the thickness of the standard pipe as 1, that of the extra heavy 
is approximately 1.4 and of the double extra heavy 2.8. 

Hydraulic wrought-steel pipe is coBstructed only in 9, 10, 11 and 12-in. 
inrade-diameter pipe sizes. 

When it is desired to have the inner surface smooth, the pipe is “reamed 
and drifted.” 
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The Crane Company recommends the following rule for determining 
the proper weight or thickness of Bessemer or open-hearth wrought- 
steel steam piping to be used in power plants. 

P == 2 Eit- 0.08) Fd (266) 

in which 

P = working pressure lb. per sq. in. gage, 

E = elastic limit of the material at the temperature considered, 
t = thickness of pipe, in., 

F ~ factor of safety = 4 for lap-welded and 5 for butt-welded, 

d = outside diameter of pipe, in. 

The values in Tables 89 to 90 are based upon equation (266), using 
21,600 lb. per sq. in. as the elastic limit. This is the elastic limit, at 700 
deg. fahr., which covers most commercial installations. (See Fig. 519.) 

Tables 89 to 896 give the safe working pressure for full-weight, extra 
strong, hydraulic, and large O.D. pipes. Table 90 gives the proper pipe 
to be used for various pressures, as calculated from equation (266). These 
tables may be used for all temperatures up to and including 700 deg. fahr. 

Standard full-weight wrought-steel pipes are marketed in random 
lengths varying from 12 to 20 ft. with plain or threaded ends. Extra 
strong and double extra strong pipe is shipped in random lengths with 
plain ends unless otherwise ordered. 

Tables 88 to 90, inclusive, apply only to standard welded wrought-steel 
pipe. Standard welded wrought-iron pipe has a thicker wall than welded 
steel pipe and consequently a smaller internal diameter. Seamless tubes 
are seldom used for steam pipe lines but are much in evidence in the fabri- 
cation of steam boilers, superheaters, dry pipes, arch pipes and water 
grates. Riveted steel pipes are commonly used for hydraulic and low- 
pressure steam lines and to a limited extent for high-pressure steam lines. 
There are so many kinds of pipes on the market, designed for such a wide 
field of application, that no attempt will be made even to enumerate them, 
and the reader is referred to the various publications issued by the National 
Tube Co., Frick Building, Pittsburgh, Pa., for descriptive details. 

Estimated Fabricated Pipe Costs: Power, Mar. 16, 1926, p. 414; Mar. 23, 1926, p. 443. 

X-Ray Irwestigation of Steel Castings: Power, Apr. 7, 1925, p. 520. 

How to Lay Ovt Power Plant Piping: Serial, Power, Mar. 18, 1926, to Sept. 14, 1926. 

Station Piping: Paper No. 256-56 Prime Movers Committee, N.E.L.A., June, 1920^ 
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TABLE 89 

ALLOWABLE WORKING PRESSURE FOR FULL-WEIGHT AND EXTRA HBAVT WROUGHT- 

STEEL PIPE 
(Crane Co.) 


Full-weight 


Fxtra Heavy- 


Size 

Weight 

Working 

Pressure 

Size 

Weight 

Work- 

ing 

Pres- 

sure 

Size 

Wf"ht 

Working 

Pressure 

Size 

Weight 

Work- 

ing 

Pres- 

sure 

B. 

L. 

L. 

B. 

L. 

L. 

1 

a 

0.85 

298 


5 

14.62 

345 

4 

1.09 

690 


5 

20.78 

573 

3 

4 

1.13 

271 


6 

18.97 

326 

i 

1.47 

609 


6 

28.57 

574 

1 

r.68 

348 


7 

23.54 

313 

1 

2.17 

650 


7 

38.05 

595 

H 

2.27 

312 


8 

24.70 

246 

u 

3 00 

578 


8 

43.39 

526 

14 

2.72 

296 


8 

28.55 

303 

14 

3 63 

540 


9 

48.73 

471 

2 

3.65 

269 

336 

9 

33.91 

294 

2 

5 02 

501 

627 

10 

54.74 

421 

24 

5.79 

370 

462 

■Gl 

HiMll 

200 


7.66 

588 

73^'> 

11 

60.08 

386 

3 

7.58 

336 

420 

10 

34.24 

228 

3 

10.25 

543 

679 

12 

65.42 

386 

Si 

9.11 


394 

WSM 


wmm 

34 

12.51 

. • • 

643 




4 

10.79 


377 

11 

45 56 

271 

4 

14.98 


617 




44 

12,54 


360 

12 

43.77 

212 

4i 

17.61 


594 









49 56 

250 









Weight in Lb. per lineal Ft. 
B. Butt Welded. 


Ttcssure, Lb per Sq. In. Gage. 
L. Lap Welded. 


TABLE 89a 

ALLOWABLE WORKING PRESSURES FOR LARGE O. D. WROUGHT-STEEL PIPE 

(Crane Co.) 


Thickness, In. 


In. 

1 

■ 

A 

i 

A 


— 

A 

! 

i 

1 


u 

li 

It 

14 

131 

180 

227 

276 

m 

372 

420 

517 

613 

710 

806 

903 

1000 

15 

122 

168 

212 

258 

m?m 

348 

392 

482 

572 

662 

753 

843 

933 

16 

115 

157 

199 

242 


326 

368 

452 

337 

621 

706 

790 

875 

17 

108 

148 

187 

227 

267 

307 

346 

426 

505 

585 

665 

743 

823 

18 

102 

140 

177 

215 

252 

290 

327 

402 

477 

552 

627 

702 

777 

20 


126 

159 

193 

227 

261 

294 

362 

430 

497 

565 

632 

700 

21 


120 

152 

184 

216 

248 

280 

344 

409 

473 

538 

602 

666 

22 


114 

145 

175 

206 

237 

268 

329 

390 

452 

513 

576 

636 

24 



133 

161 

180 

217 

245 

302 

358 

414 

470 

526 

582 

26 



122 

149 

174 

200 

226 

278 

— 

— 

— 

n 


28 



138 

162 

186 

210 

258 

H 

H 

H 

H 


30 




129 

151 

174 

196 

241 

1 

■ 

■ 

■ 

... 
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TABLE 896 


allowable working pressures for hydraulic wroughp-steel pipe 

(Crane Co.) 


Sise 

External Diameter, 
In. 

Thickness 

I 

1 

i 

1 

9 

9f 

611 

751 

892 

1030 

10 


547 

673 

798 

924 

11 

Hi 


616 

731 

846 

12 

12} 

462 

567 

673 

780 


TABLE 90 

weight or thickness op pipe to be used on various steam pressures, 
LB. PER linear FT. 

(Maximum Temperature 700 Deg. Fahr.) 

(Crane Co.) 


Pressures 



150 

200 

250 

HIQH 

350 

400 

450 

500 

550 

600 

i 

F 

F 

F 

F 

X 

X 

X 

X 

X 


X 

1 

F 

F 

F 

F 

X 

X 

X 

X 

X 


X 

li 

F 

F 

F 

F 

X 

X 

X 

X 

X 


X 

2 

F 

F 

F 

F 

X 

X 

X 

tx 

X 


X 

2§ 

F 

F 

F 

F 

*x 

X 

X 

X 

X 



3 

F 

F 

F 

F 

*x 

X 

X 

tx 

X 


fx 

3i 

F 

F 

F 

F 

♦X 

X 

X 

X 

X 


X 

4 

F 

F 

F 

F 

*x 

X 

X 

X 

X 


X 

4} 

F 

F 

F 

F 

♦X 

X 

X 

X 

X 


X 

5 

F 

F 

F 

F 

X 

X 

X 

X 

X 


X 

6 

F 

F 

F 

F 

X 

X 

X 

X 

X 


X 

7 

F 

F 

F 

F 

X 

X 

X 

X 

X 


X 

8 

24.7 

24.7 

28.5 

28.5 

X 

X 

X 

X 

XX 


XX 

9 

33.9 

33.9 

33.9 

X 

X 

X 

X 

5/8H 

5/8H 

5/8H 

10 

31.2 

34.2 

40.5 

X 

X 

X 

5/8H 

5/8H 

3/4H 

3/4H 

11 

45.5 

45.5 

45.5 

X 

X 

5/8H 

5/8H 

5/8H 

3/4H 

3/4H 

12 

43.8 

43.8 

43.8 

49.5 

X 

5/8H 

5/8H 

3/4H 

3/4H 

7/8H 

140D 

5/16 

3/8 

7/16 

1/2 

9/16 

5/8 

3/4 

3/4 

7/8 


7/8 

150D 

5/16 

3/8 

7/16 

1/2 

5/8 

3/4 

3/4 

7/8 

7/8 


1 

160D 

5/16 

3/8 

7/16 

9/16 

5/8 

3/4 

3/4 

7/8 

1 


1 

170D 

3/8 

7/16 

1/2 

9/16 

3/4 

3/4 

7/8 

7/8 

1 

1 1/8 

180D 

3/8 

7/16 

1/2 

6/8 

3/4 

3/4 

7/8 

1 

1 

1 1/8 

20OD 

3/8 

1/2 

9/16 

3/4 

3/4 

7/8 

1 

1 1/8 

1 1/8 

1 1/4 

220D 

7/16 

1/2 

5/8 

3/4 

7/8 

1 

1 

1 1/8 

1 1/4 

13/8 

240D 

7/16 

9/16 

3/4 

3/4 

7/8 

1 

1 1/8 

1 1/8 

13/8 

1 1/2 


V FuU-wttght, X» Extra atrong, XX » Double extra strong, * Full-w^ht lap-welded may be used, 
t Should be lap-welded, H » Hydraulic pipe. 
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301. Pipe Connections. — In erecting a pipe line, the different lengths 
of pipe are joined to each other and to the various fittings by threaded, 
bolted, calked, and welded joints. These joints may be applied to any 
class of pipe, the particular connection best suited for the purpose depend- 
ing upon the size and material of the pipe and the service for which it is 
intended. Pipes with threaded ends may be joined together by means 
of (1) wrought couplings, Fig. 521; (2) nut unions, Fig. 522, which are 




Fig. 623. Bell-and-Spigot Joint for 
C. I. Pipe (A. W. W. Standard). 


intended for pipe sizes of 3 in, and under, and (3) flanged unions. Fig. 525, 
Af Bj C, etc. Wrought couplings are often used where runs of pipes are 
longer than lengths available or where cut pipe is used, and the nut and 
flanged unions where the last fitting is made up and where the joint may 
be taken apart. Bolted couplings are used invariably on pipes and 
fittings with flanged ends. Bell-and- 
spigot joints, Fig. 523, calked with 
lead, Gannister packing, or cement, 
are used mostly on water and low- 
pressure gas lines. This type of joint 
is so designed as to permit slight 
deviations from the regular alignment 
of the line without the use of special fittings and bends. This feature 
is particularly desirable in trenches which follow the contour of rolling 
or hilly country or which have not been leveled on the bottom. There 
are so many types and designs of joints on the market that it is im- 
possible to cover the subject in a work of this nature, and the reader is 
referred for extended study to publications issued by the National Tube 
Company, Frick Building, Pittsburgh, Pa.; Crane Company, Chicago, 
111.; Grinnell Company, Chicago, 111.; and other pipe manufacturers. 
Only a few of the joints commonly used in steam power plant service 
are briefly described in this chapter. 

All pipe connections and fittings should be designed in accordance with 
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established standards. The American standards, as recommended by 
the A.S.M.E., are universally used in this country for wrought-metal pipe 
connections and fittings, but there is no single standard for cast iron. 
The American Waterworks Specifications are used for cast-iron water 

pipe, and the American Gas 
Institute Standard for cast-iron 
gas pipe. 

Screwed Connections, — The 
details of the national American 
Standard thread are shown in 
Fig. 524. {Trans. A.S.M.E., 
Vol. 41, 1919, p. 1067.) The end 
of the pipe is tapered 1 to 16 
measured on the diameter, the 
angle of the thread being 60 deg. 
with the axial plane. The crest 
and the root are truncated an 
amount equal to 0.033 of the pitch (P). The depth of the thread, 
therefore, is 0.8 P. The length of the thread and other dimensions are 
determined from the following rules: 


A = G- (0.05G + 1.1) P 

(267) 

B = A+ 0.0625 F 

(267a) 

E = P (0.8G + 6.8) 

(2676) 



(Internal Thread) 

Fig 524 “American Standard** Pipe 
Thread 


in which 

A = pitch diameter at the end of the pipe, in. 

G = outside diameter of the pipe, in. 

P = pitch of thread, in. 

B = pitch diameter at the gaging notch. 

F = normal engagement by hand between male and female threads. 

E = length of effective thread. 

The maximum allowable variation in the commercial product is one 
turn plus or minus from the gaging notch when using working gages. 

The length of thread screwed into valves or fittings in order to make 
a tight joint is given in Table 91 . 

When properly made, a screwed joint will hold against any pressure 
consistent with the strength of the pipe. The threads, however, are 
often poorly cut and the parts screwed together improperly cleaned and 
lubricated, thus causing leakage between the threads. 
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TABLE 91 


LENGTH OF THREAD ON PIPE 
(All Dimensiona in Inches) 
American Standard 


Size of 

Pipe 

Length of 
Thread 

Size of 

Pipe 

Length of 
Thread 

Size of 

Pipe 

Length of 
ThFBad 

i 

i 

li 

■■ 

5 


i 

1 



6 


* 

1 


ii 

7 


i 

h 


1 

8 


i 

h 



9 

n 

1 

ft 


Ij^ 

10 

11 

li 

1 

■■ 

li 

12 

li 


Above dimensions do not allow for variation in tapping or threading. 


Flanged Connections, — Figure 525 illustrates some of the more com- 
monly known methods of fitting flanges to the ends of wrought-metal 
pipes. 




Screwed 




JUveted 



Fig 625. Types of Pipe Flanges. 


In A to C, Fig. 525, the pipes are screwed into cast-iron or forged-steel 
flanges and the two faces, with metallic or composition gasket between, 
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are drawn together by bolts. A illustrates the most common and inex- 
pensive of flanged joints, and requires no special tools and can be made 
up at the place of erection. It gives satisfactory results for pressures of 
100 lb. or less, but for higher pressures leakage is apt to take place be- 
tween the threads. The flanges are sometimes made with a long thread 
and a recess which can be calked with soft metal. A similar joint is made 
with the pipe screwed beyond the face of the flange and the two faced off 
together, either plain or as shown in B, which is known as a male and 
female, or hydraulic, joint. This method forms a very reliable joint, 
since the ends of the pipe bear on the gasket, and the gasket is prevented 
from being blown out. An objection lies in the difficulty of opening the 
line to remove the gasket or replace a fitting. C is a modification known 
as the tongued and grooved joint, which uses an extremely narrow gasket. 
Such flanges may be subjected to severe strains when the bolts are drawn 
up, owing to the small area of contact. Metal gaskets are recommended, 
since soft material is apt to be squeezed out. In C the ends of the pipe 
are peened, which is an improvement over the simple screwed joint. D 
illustrates a shrunk joint. The flanges are bored for a shrink fit and 
forced over the pipe when at a red heat. After cooling, the end is beaded 
over into a recess on the face of the flange and a light cut taken from 
both. H shows a modification in which the hub is riveted to the pipe. 
E illustrates a joint constructed by rolling the pipe into a corrugation in 
the flange. The end of the pipe is then faced off flush. 

A very successful commercial joint is illustrated by F and is known as 
the lap or Van Stone type. The pipe is expanded as indicated, and a 
light cut is then taken from the flared ends to insure a tight joint. The 
flanges are loose and permit of considerable flexibility in shifting them 
through various angles. Soft steel, copper, monel metal, aluminum and 
various types of prepared asbestos gaskets are used with this joint. For 
very high steam pressures and temperatures up to 750 deg. fahr., the 
pure, soft-annealed, aluminum gasket appears to give satisfaction. 

Pipes with flanges welded on the end, as in (?, are used in a number of 
central stations for high-pressure and high-temperature work. The faces 
are ordinarily raised 1/32 to 1/16 in. inside the bolt holes and ground to a 
steam-tight fit, so that thick gaskets are unnecessary. Tongue-and- 
groove faces are also used for high-pressure steam service. 

For ordinary pressures and temperatures,* any of the joints when well 
made will prove satisfactory. For extremely high pressures and tem- 
peratures, Van Stone joints with full thickness of pipe at the weld, or 
hammer-welded joints, are standard practice. In the different designs 
of Van Stone joints in use, the flanges themselves are proportioned in a 
variety of ways but the basic principles involved are the same. 
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Figure 526 shows the Crane Company design for pressures up to 800 lb. and 
temperatures up to 750 deg. fahr. It will be noted that the full thickness 
of metal has been maintained at the end of the pipe. The Sargol joints 
Fig. 525 I, which is used in a number of stations for pressures of 400 to 
500 lb. gage, differs from the usual design of Van Stone joint in that no 
gasket is used and the joint is sealed by welding the edges of the pipe lap. 

Detcais of Sargol Joints: Report of Prime Movers Committee, N.E.L.A., T6-21, 
1921, p. 137; Power Plant Engrg., Aug. 15, 1923, p. 819. 



Figure 527 shows a flanged joint suitable for small pipes in which a very 
high pressure is to be carried. This is only applicable to double extra 
heavy lap-welded pipe or heavy seamless-drawn tubing. 

Experiments conducted by the M. W. Kellogg Co. show that the ratio 
of gasket to internal hydraulic pressure necessary to keep a joint tight 
should not be less than 12 to 1. In order to maintain a tight joint with 
internal pressures of 400 lb. per sq. in. or l*mrc, alloy-steel bolts must be 
used in place of the customary mild-steel bolts. 

All flanged connections for wrought pipe should be proportioned in 
accordance with the American Engineering Standards which have been 
adopted by all American and Canadian manufacturers. Dimensions for 
the American standard for various types of standard, low-pressure and 
extra heavy cast-iron fittings and connections for pressures up to 250 lb. 
are given in Tables 92-3. American standards for flanges and fittings at 
750 deg. fahr. for pressures of 250, 400, 600, 900, 1350, 2000, and 3200 lb. may 
be obtained from the Secretary of the American Society of Mechanical 
Engineers, 29 W. 39th St., New York City. The Crane Co., recommenda- 
tions for flanges, bolting and flange facing for 400-600 lb. steam working 
pressures may be foimd in the Report of Prime Movers Committee, 
N.E.L.A., 1923, Part A, p. 33. 
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Extra Heavy Flanged Fittings. — Strught Sizes 
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Center to face 

Center to face of long radius ells — 

Center to face of 45-deg. ells 

Face to face, laterals 

Center to face, laterals 

Center to face, laterals 

Face to face, reducer 

Diameter of flange 

Thickness of flange 

1 

Diameter of bolt circle 

No. of bolts 

Diameter of bolts 

Minimum metal thickness of body . 




I 


Figures given are for center to face and for face to face finished dimensions. 
Where necessary manufacturers will make suitable allowances in patterns before 



724 


STEAM POWER PLANT ENGINEERING 


Welded Joints. — Autogenously welded (oxy-acetylene) butt joints are 
used to a considerable extent in long pipe lines subjected to moderate 
temperature ranges but have not always proved reliable for high-pressure 
steam. Several types of welds in wWch the joints are reinforced with 
sleeves welded on over butt joints have proved eminently satisfactory 
under most severe conditions of use, but they are not much in evidence 
in the modem steam power plant. The majority of specifications call 
for Van Stone or Sargol joints for high-pressure steam work. 

Outlets for branch connections are frequently welded to the piping and 
offer the advantage of a reduction in the number of joints. For pipe 
sizes under 5 in., autogenously welded nozzles are quite satisfactory, but 
for larger sizes the joints are usually hammer-welded (forged). Improve- 
ments in autogenous and electric welding are to be expected, and the above 
statements are necessarily limited to the present (1924) state of the art. 

The Use of Welding in Power-plant Piping: Power, May 15, 1925, p. 680. 

TABLE 94 


THERMAL EXPANSION OP A PEW STEELS 
(Bureau of Standards, Bui. 433, 1922) 


Composition 

Steel Number 

1 

2 

3 

4 

5 

Si 

.007 

.086 

.23 

1.61 

.25 

Mn 

.06 

.64 

.68 

.57 

.92 

Sul 

.035 

.061 

.025 

.033 

.033 

Phos 

.012 

.052 

.012 

.013 

.024 

Carbon 

.25 

.41 

.42 

.44 

.59 

Tempmture Range, 
bW. Fahr. 

Mean CoeRIcient of Expansion X 1(X),000 

77“-212° 

6.18 


5.23 

6.23 

6.18 

77^-572*’ 

6.95 


6.74 

7 07 

7.18 

77M112° 

i 

7.95 


7.95 

8.05 

8.11 


sf 392. Expansion of Pipes. — One of the most difficult problems in the 
design of a piping system is the proper provision for expansion and con- 
traction due to change in temperature. If a pipe is under no stress when 
cold, and the temperature is increased, it will increase in length. The length 
will also be increased by the tensile stress effected by any internal pressure 
to which the pipe is subjected. The increase in length due to pressure is 
negligible except for extremely^ high pressures and long lengths of thin 
pipoi but that due to temperature may be considerable. 












PIPING AND PIPE FITTINGS 


726 


TABLE 96 

EXPANSION OF PIPE 

Increase in Length, Inches per 100 ft. 
(Crane Co.) 


Ten ^., 

Deg . 

Wrought 

Steel 

Wrought 

Iron 

Cast 

Iron 

Brass and 
Copper 

0 

0 

0 

0 

0 

50 


0.37 

0.32 

0.65 

75 


0.56 

0.51 

0.84 

100 


0.80 

0.70 

1.15 

150 

1.17 

1.25 

1.07 

1.82 

200 

1.60 

1.65 

1.50 

2.40 

250 

2.07 

2.12 

1.87 

3.02 

300 

2.50 

2.60 

2.35 

3.75 

' 350 

2 97 

3.15 


4.50 

400 

3.45 

3.65 


5.25 

460 

4.07 

4.32 

3.87 

6.12 

500 

4.70 

4 90 

1 4.45 

7.05 

550 

5.32 

5 55 

5.07 

8.05 

600 

6.00 

6.25 


9.05 

650 

6.72 

7.02 


10.17 

700 

7.50 

7 85 

7.15 

11.40 

750 

8 37 

8.77 

7.97 

12.67 

800 

9.30 

9.75 

8 90 

14.10 


The increase in length for each condition may be expressed 

(268) 
(268a) 


Ip = paLjEA 
It = m(^i ~ t)L 


in which 

Ip = increase in length due to pressure, in., 

It = increase in length due to the temperature difference, 
p = pressure difference between inside and outside of pipe, lb. per sq. 
in. gage, 

a = inside area of the pipe, sq. in., 

L = length of the pipe, in., 

E = modulus of elasticity (average for pipe steel = 30,000,000), 
ti = final temp., deg. fahr. (the temperature of the pipe is practically 
that of the steam), 
t = initial temp., deg. fahr., 

fi = mean coefficient of expansion between temperature t and fi, 

A = sectional area of the pipe material, sq. in. 

Example 81. — A 12-in. extra heavy high-pressure steam main is 100 
ft, long when cold (70 deg. fahr.): R^uired the increase in length when 
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canying superheated steam at 250-lb. gage pressure, temperature 750 deg. 
fahr. 

Solution. — Here p = 250, a ~ 108.4, L = 1200, E = 30,000,000, A 
« 19.25, h = 750, < = 70, /x = 0.0000096 (interpolated from data in 
Table 95). 

Substituting these values in equations (268) and (268a), 


I 


250 X 108.4 X 1200 


^ 30,000,000 X 19.25 

h = 0.0000096 (750 - 70) 1200 = 7.8. 


= 0.056 in., which is negligible. 


If the expansion of the pipe is constrained, as by anchoring both ends, 
an axial force will be exerted on the anchors which is equivalent to the 
tensile stress resulting from stretching the pipe at constant temperature 
the full amount of the expansion. This force is independent of the length 
of pipe and directly proportional to the increase of temperature. Unless 
well braced throughout its length, the pipe may buckle and become dis- 
torted. The axial force exerted by the temperature increase may be 
calculated from the following equation 

P = EAU^ EAih ~ t)n. (269) 

Notations as in equations (268) and (268a). 

Example 82. — A 6-in. extra heavy steel pipe is heated from 66 to 
366 deg. fahr. (the temperature corresponding to steam at 165 lb. per sq. 
in. abs, pressure); required the axial force exerted if the pipe is con- 
strained against movement in any direction. 

Solution. — £ = 30,000,000; = 366; t = 66; m = 0.000007 (inter- 

polated from Table 95), A == 8.5 sq. in. 

Substituting these values in equation (269), and solving 

P = 30,000,000 X 8.5 (366 - 66) 0.000007 = 535,500 lb. 

Since the forces produced by expansion are practically irresistible, the 
pipe is invariably allowed to expand and its movement is prevented from 
imduly stressing the fittings and connections by 

1. Long radius bends. 

2. Double-swing screwed fittings. 

3. Expansion joints. 

Long-radius bends which utilize the elasticity of the pipe itself are 
commonly used for high-pressure work in preference to all other means 
for relieving the stresses due to expansion. The use of pipe bends reduces 
internal friction by providing easy turns, eliminates unnecessary fittings 
and joints, and facilitates clearing all other pipes and structural inter- 
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ferences. Pipe manufacturers are equipped to make special bends con- 
forming to any shape or dimensions to which it is practical to bend pipe. 




Fig. 528. Types of Standard Expansion Bends. 

Figure 528 shows a number of standard bends. Table 97 gives the mini- 
mum radii and length of straight pipe at the end 
of each bend, and Table 96 the amount of expansion 
absorbed by a standard 90-deg. quarter bend and 
other shapes as recommended by the Crane Com- 
pany. For an excellent treatise on pipe bends in 
which the problem is analyzed from both a ^ Bends for 

theoretical and practical standpoint, consult j 
Elasticity of Pipe Bends by S. Crocker and space. 

S. S. Sandford, Trans. A.S.M.E., Vol. 44, 1922. 

This paper contams graphical charts by means of which the forces actii^ 
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against the anchorage^ the maximum fiber stress occurring in the bend, 
and the amount of expansion which can be absorbed for a given stress 
may be obtained without calculation for standard pipe up to 20 in. and 
bent to radii up to 120 in. 

TABLE 96 

SAFE EXPANSION VALUES OP 90-DEGREE WROUGHT STEEL RENDS IN INCHES 


(Full weight or extra heavy pipe) 
(Crane Co.) 



For Single Offset and Expansion U multiply by 4. 

For Double Offset and Expansion Loop multiply by 5. 

TABLE 97 


MINIMUM DIMENSIONS FOR PIPE BENDS 
(Crane Co.) 


Siieof 

Pipe, 

In. 

Radius of Bend. In. 

Lengths of 
SVaight 

Pm on 
Each 

Bend, 

In. 

Size of 

Radius of Bend. In. 

Lengths of 
Straight 
Pipe on 
Each 
Bend, 

In. 

Full 

Wei^t 

Pipe 

Extra 

Heavy 

Pipe 

Full 

Weight 

Pipe 

Extra 

Heavy 

Pipe 


12.5 

n 

4 

8 

40 

28 

9 

3 

16.0 


4 ' 

9 

46 

36 

11 

3} 

17.6 


6 

10 

60 

40 


4 

20.0 

12 

6 

12 

60 

60 



22.6 

14 

6 

14 

70 

66 


5 

26.0 

15 

6 

16 

76 

70 


6 

30.0 

20 

7 

16 

80 

78 


7 

36.0 

24 

8 

18 

108 

88 















































Fio. 530. Typical Expansion Bends. Buffalo General Electric Co. 
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Considering a pipe bend as a beam of special form one end of which is 
fixed and the other end of which is free to move in the direction 
acting force, it can be shown^ that 

d = KFR^/EI 
S = CDdEIR^ 

in which 

d — deflection of the free flange measured in the direction 
force Ff in. 

F = force acting against the flange, lb. 

R = radius of the bend, in. 

E = modulus of elasticity, lb. per sq. in. 

I = moment of inertia of the pipe section, in.^ 

S = maximum fiber stress in the bend, lb. per sq. in. 

D = outside diameter of the pipe, in. 

KfC- constants. See Table 98. 

Example 83. — What must be the radius of a standard expansion U 
bend made up of 10-in. extra heavy pipe in order to absorb an expansion 
of 1.5 in. «|,nd exert a pressure of 600 lb. on the anchorage. Required also 
the maximum fiber stress. Assume E = 30,000,000. 

Solution. — From pipe tables, we find the outside and inside diameter 
of an extra heavy steel pipe to be 10.75 and 9.75 in., respectively. The 
moment of inertia of the section is / == 0.049 (10.75^ — 9.75)^ = 216. 


of the 

(270) 

(270a) 

• 

of the 


TABLE 98 

VALUES OP CONSTANTS K AND C 



Direction of 
Force, Fig. 531 

K 

C 

Type of 

Bend 

Direction of 
Force. Fig. 631 

K 

c 

Quarter 

a 

0.36 


Expansion U 

d 

9.4 

0.106 

Quarter 

6 

0.88 


Double offset 

e 

40.0 


Plain U 

c 

1.57 







Fio. 531. Direction of Force (Table 98). 


Substituting I = 216; E = 30,000,000; F = 600; d = 1.5 and K = 
9.4 (from Table 98) in equation (270) and solving, we have 


30,000,000 X 216 
R = m in. 


/ 


> Tnna A.S.M.E., Vol 44, 1022, p. 547. 
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Expanaion 


Prom equation (270o) 

e n me 10-75 X 1.5 X 30,000,000 
S = 0.106 — 

= 3560 lb. per sq. in. 

Figure 532 shows a double-swing screwed joint in which expansion 
causes the fittings to turn slightly and thus relieve the strain. This 
method is usually adopted in low-pressure heating 

systems where the pipes are small and only a small O# ^ 

amount of expansion takes place. It is wholly un- § ^ 

suited for large pipes and high pressures. Packed ¥ 

expansion or slip joints, Fig. 533, are occasionally jj|~^ 

used for high-pressure steam service where space 
requirements prohibit the installation of long-radius 
bends, but they are objectionable because of the 
possibility of leakage and sticking. In very long lines 
of straight piping, slip joints are frequently the only , 

solution of the expansion problem. When slip joints QJZZIZB 

are employed, the pipe must be securely anchored Front Eaevation 

to prevent the steam pressure from forcing the Double- 
joint apart and at the same time permit the pipe Expansion 

in expanding to work freely in the joint. Sagging of 
the pipe on either side, which may cause binding in the joint, is prevented 
by suitable supports. Balanced-pressure slip joints have been developed 

but they are not much in evidence. For pres- 
^ _ sures below 150 lb. gage, corrugated or other- 
wise flexibly fabricated copper expansion joints 
— btomsiLL common use, and in condenser service the 

condenser is frequently connected to the turbine 
i Q}* - jU ZrM ^ exhaust opening by means of rubber expansion 
■TL. -n • joints. For a detailed description of such an 

expansion joint see Report of Prune Movers 
Committee, T5-21, N.E.L..A ., 1921, p. 10. 

303. Pipe Supports and Anchors. — Pipe lines must be supported to, 
guard against excessive stresses caused by dead weight, expansion, and 
vibration. There is no standard practice in this connection and the 
means adopted by different plants vary over a very wide range. In order 
to limit the thrust exerted by the piping on the throttle of prime movers 
or other stationary points of attachment, fixed anchorages in the steam 
system, adjacent to the joints where the leads come off the header, are 
usually necessary. In the majority of installations the anchors are 
rigidly attached to the building structure and the balance of the piping 


Pig. 533. Slip Expansion 
Joint. 
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is supported at various points by hangers, wall brackets, or floor stands, 
figure 534 illustrates a common design of anchor of the wall-bracket 
suitable for moderate end thrusts. The pipe rests upon a saddle 



Fia. 634. Typical Pipe Anchor. 



Fig. 635. Pipe Anchor — Union Electric 
Light & Power Co. 



Station. 



Fio. 637. Typical Fig. 538. Typical Ad- 
I-beam Hanger. Justable Floor Stand. 


and is rigidly clamped to the bracket by a fiat iron band with ends threaded 
and bolted. Figure 535 shows the manner in which the 12-in. steam 
pnidn 13 anchored to the building structure in the power house of the 
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Union Electric Light and Power Co. and Fig. 536 shows the method of 
anchoring the main header in the Lakeside Power Plant of the Milwaukee 
Elec. Ry. and Light Co. Anchor attachmonts are also welded to the 
pipe. 

Figure 537 ihustrates a convenient type of flexible hanger for suspend- 
ing pipes from I ” beams. This design is suitable only for supporting 
the dead weight of the pipe and where free movement is permissible. 
Where the movement is to be constrained in an axial line, the pipe is held 
between two rollers as shown in Fig. 539 or supported on a sliding guide 



with Binding Roll. ville Power House. 


as in Fig. 540. For straight runs of pipe the support is usually of roller 
construction but, where there are branch connections or bends leading 
from a main, some design of axial guide support is necessary to prevent 
the pipe from springing laterally. Figure 541 illustrates a method of 
suspending and counter-balancing expansion loops in a main header and 
Fig. 542 a flexible support for a large vertical exhatist header. Other 
arrangements of piping, supports, and anchors will be found in this chapter. 
Pipe supports and anchors should be designed so that they can be readily 
removed without disturbing the pipe line and should be adjustable to 
facilitate lining up.^’ 

Steam Pipe Supports: Power Plant Engrg., Dec. 1., 1919, p. 1056. 
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Fig. 541. Method of Suspending and Counter-balancing 
Expansion Loops in Steam Mains. 



Fig. 542. Spring Support for SO-inch Exhaust Pipe. 
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804* Loss of Heat f^om Bare and Covered Pipe* — Steam pipes, feed- 
water pipes, boiler steam drums, receivers, separators and the like should 
be covered with heat-insulating material to reduce heat losses to a mini- 
mum. By properly appl3dng any good commercial covering, from 75 per 
cent to 95 per cent of the heat loss may be prevented. Numerous investi- 
gations have been made relative to the heat losses from bare and covered 
pipes, but the results have been far from harmonious. The most trust- 
worthy results are those based upon the investigations of J. C. Peebles 
(Research Laboratory, Armour Institute of Technology), L. B. McMillan 
{Trans. A.S.M.E., Vol. 37, 1915, p. 921), Lagley (Trans. A.S.M.E., Vol. 
40, 1918, p. 667), and R. H. Heilman {Trans. A.S.M.E.^ Vol. 44, 1922, p. 
299). The results of these in- 
vestigators agree as closely as 
can be expected, considering the 
variation in the structure of the ^ 
different samples from the same 
commercial material and the 
influence of the surroundings in 
the laboratories in which the 




tests were conducted. From the 
investigations of Heilman on 
bare pipe. Fig. 543, it will be 
seen that the heat loss from bare 
pipes conducting heated fluids is 
so great that any good grade of 
pipe covering may pay for itself 
in a comparatively short time. 
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Fig. 643. Heat Loss from Bare Pipe. 
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The curves in Fig. 544, based upon 
the results of McMillan’s investigation, which check substantially with 
the tests of Peebles and Heilman, give the heat loss per deg. fahr. 
temperature difference per sq. ft. per hr. for a number of commercial 
classes of coverings, for various temperature differences between the 
temperature of the pipe surface and that of the surrounding air. While 
the maximum temperature difference is limited to 500 deg. fahr., which 
is considerably lower than that incurred in the modern central station, 
the heat loss at the higher figures may be obtained with sufiicient 
accuracy for most purposes by extending the curves. 

If 


H% = heat loss in still air per sq. ft. of outside covering surface, 
B.t.u. per hr., 

k = conductivity of the material, B.t.u. per hr. per sq. ft. per 
in. thickness per deg. temperature difference between 
the outer and the inner surface of the covering, 
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fe, h and t = temperatures, respectively, of the outer surface of the 
covering, pipe, and air in the room, deg. fahr., 
rj and n = radii, respectively, of the outer and the inner surface of 
the covering, in., 



d = temperature difference between the covering and air cor- 
responding to a rate of loss Hi, 

Hi = heat loss per sq. ft. of pipe surface, B.t.u. per hr., 

X =« thickness of covering for flat surfaces with parallel planes. 

it can be shown {Trans. A.S.M.E., Vol. 37, 1915, p. 960) that for 

Flat Surfaces 
ft - fc ((i - ti)/x 


( 271 ) 
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Cylindrical Surfaces 

H 2 = k (ti — t — d)/r 2 (hge r 2 — hge n) (271a) 

= ri H,/r2 (2716) 

k = HiTi (loge r 2 - loge rx)/(ti - fe). (271c) 


The curve in Fig. 545 gives the value of k for 85 per cent canvas-covered 


magnesia as determined by Bagley. 
insulating materials greatly siin- 
plify the calculation of the heat 
losses. The curves in Fig. 546, 
showing the relation between H 2 
and d as determined by Peebles, 
McMillan, and Heilman, offer a 
means of calculating the value 
of k from test data as shown in 
Fig. 544 but unfortunately these 
curves show considerable depar- 


Curves of this nature for various 
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Fig. 545. CoefiScient of Thermal Con- 
ductivity. 


ture from each other for the same temperature conditions. Curves (1) 
and (2), Fig. 546, give satisfactory results for pipe lines protected against 
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66 - 235 deg. fahr. Substituting these values in equation (272c) and sol- 
ving for k 

h * [136.5 X 2.8 {loge 3.93 - loge 2.8)] - 5 - 235 - 0.551. 

Example 86. — If the pipe in Example 84 is covered with 3-in. thick- 
ness of material, other conditions remaining the same, calculate the heat 
loss per sq. ft. of pipe surface per hr. per deg. temperature difference. 

Solution. — From equation (271a) 

y, _ 0.651 (380 - 80 - d) 

(2.8 + 3) (loge 5.8 - loge 2.8) 

= 0.13 (300 - d). 

Now assume d = 20 deg. Then from Fig. 646 - Curve No. 1 J ?2 = 
25.5 B.t.u. But from equation (271a) = 0.13 (300 — 20) = 36.4. 

This shows that d must be greater than 20. Assume d = 30. Then 
from Fig. 546 — Curve No. 1 = 39.5 B.t.u. and from equation (271a) 

= 0.13 (300 — 30) = 35.1. This shows that d must be less than 30. 
By cut and trial the correct value (k — 21 may be obtained. Then 
= 0.13 X (300 — 27) = 35.5. Substitute this value of in equatioq 
(2716) and solve for Hi 

35.5 = 2.8^1 4- 5.8 


from which Hi = 73.5 B.t.u. per hr. per sq. ft. Loss per sq. ft. per hr. 
per deg. temperature difference between the pipe surface and air in the 
room = 73.5 4- 300 = 0.245 B.t.u. 


The pipe-covering materials most commonly found in the modem 
central station are 86 per cent magnesia, sponge felt, silocel and non- 
pareil. Of these, 85 per cent magnesia is still the predominant material 
for temperatures up to 600 deg. fahr. For metal temperatures above 
600 deg., it is desirable to use some form of heat-resisting insulation as a 
first layer in order to reduce the temperature of the inner surface of the 
standard insulations. Asbestos fiber matted and bound with silicate of 
soda has the necessary heat-resisting feature and has been extensively 
used, but its heat conductivity is relatively high. In some of the latest 
stations emplojdng highly superheated steam, the metal surface is first 
covered with a 1-in. layer of Carey ** Hi-Temp ” or the equivalent which 
has the properties of high insulating efficiency and resistance to mechanical 
deterioration at temperatures up to 1000 deg. fahr., and this is then 
followed with a second covering 2 in. thick of 85 per cent magnesia or the 
equivalent. 

Pipe covering is applied in sections molded to the required form and 
held to the pipe by bands, or may be applied in a plastic form. The 
former is more readily applied and removed, and is usually adopted for 
pipes, while the valves and fittings are generally covered with plastic 
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material. Piping should be tested under pressure before being covered, 
since leaks destroy the elRciency and life of the covering. If the sur- 
rouilding atmosphere is moist the covering should be given two or three 
coats of good paint. Coverings are sometimes applied to cold-water pipe 
to prevent sweating. 

Commercial Efficiency of Single and Graded Steam Pipe Covering: State College of 
Washington, Bui. No. 12, 1923. 

Recent Developments in Pipe Insulation: Power Plant Engrg., July 1, 1924, p. 698. 

Rational Design of Cotmrings for Pipes: Mech. Engrg., Oct., 1925, p. 805. 

305. High-pressure Steam Piping Systems. — In the older stations, in 
which the prime movers were of the reciprocating type and the boilers of 
comparatively small capacity, the boiler and engine room were arranged 
back .to back, end to end, or double-decked, according to the space avail- 
able, and the high-pressure steam lines were arranged on the spider, 
single header, duplicate header, and loop or ring header systems. All of 
these arrangements and systems were more or less standardized and 
differed only in minor details. In the modern central station there is no 
standard arrangement of turbines and boilers, and the piping system is 
designed to meet each specific set of conditions. 

Figure 547 shows the back to back arrangement of engines and boilers 
in which the engines and boilers are housed in separate rooms and the 
steam from each boiler is led to a common or main header. This was 
standard practice in the central station in the year 1905 and is still used 
in a number of small plants. The main header was placed in the boiler 
room along the division wall and it was extended as the growth of the 
station demanded. This system permits of short and direct connections 
between prime movers and boilers and is simple and compact. To insure 
continuity of operation in case of injury to the main header, duplicate or 
auxiliary headers were occasionally installed. Figure 548 shows a back- 
to-back arrangement in which the length of the main header is greatly 
shortened and the various distributing pipes lead directly to steam-using 
appliances. This is known as the spider system of piping. This system 
has given satisfactory results in small plants but is rather unsightly. The 
loop header, Fig. 550, has the advantage over the single header in that 
the steam supply may be taken from either end of the boiler battery, 
should occasion arise, or from both ends to insure uniform boiler operation. 
The extra length of main header increases the first cost and offers a larger • 
surface for heat losses. 

Figure 551 illustrates a typical installation in which the boiler and 
engine room are end to end. This is a common arrangement where only 
a narrow strip of space is available for the plant. 
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Double- and even triple-deck installations, in which the boilers and 
prime movers are on separate floors, are to be found in a few cases where 
ground space is very costly, but the first cost of such a plant is very high. 



The Highland Park plant of the Ford Motor Co. is an excellent example 
of the double-decked arrangement. 

The modern central station is usually designed on the unit basis in which 
each turbo-generator has its own boiler and auxiliary equipment which 



may be operated independently of the rest of the plant. The steam 
mains and many of the auxiliaries are cross-connected so as to supply 
energy to other units in case of emergency, but to all intents and purposes 
each unit is an independent plant. 

Figure 552 shows the arrangement of boilers and turbines in the Yonkers 
Power House of the New York Central, illustrating standard practice of a 
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decade ago. The turbines are arranged side by side in a single room 
separated from the boiler housing by a division wall. The turbines are 



Eig. 660. Typical “Loop Header” System. 



connected in pairs by 14-in. loops, 'each turbine taking steam from either 
of two banks of four boilers. The high-pressure piping for each pair of 
bcnlers (S cross-connected to the adjacent pair by a cross-over mam. 
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figure 553 shows the arrangement of boilers, turbines, and high-pressure 
steam piping in the first section of the new Hell Gate Station. The tur- 


J Drip finm Throttle 
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groups as forced-draft air supply, feedwater supply, etc. may be inte^ 
connected at will. 



Fig. 654, General Arrangement of Steam and Exhaust Piping. La Salle 
Hotel, Chicago. 

Figure 664 shows the general arrangement of the piping in the La 
Salle Hotel, Chicago, illustratiiig the loop header as applied to this class 
of plant. 
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306. Exhaust-Steam Piping. — In the large central steam-power station, 
there is no condenser exhaust piping, at least in so far as the prime mover is 
concerned, since the turbine exhaust flange is bolted directly to the con- 
denser or indirectly through the agency of a short expansion joint. This 
applies also to the smaller plants equipped with individual condensers. 
Separate free-atmospheric exhaust lines lead from each condenser to the 
roof. Occasionally a number of condensing units discharge into a single 
condenser, in which case the main vacuum line is increased in diameter as 
it approaches the condenser, the increase corresponding to the added 
weight of exhaust steam. In some designs, there is a main atmospheric 
exhaust line connected to the individual atmospheric exhaust branches, 
while in others a single atmospheric relief valve at the condenser suffices 
for all units. 

In the majority of non-condensing plants, all or a part of the exhaust 
steam is used for heating or other industrial purposes, in which case an 
elaborate system of exhaust piping may be necessary. The general 
arrangement of apparatus in a typical non-condensing p' mi utilizing the 
exhaust for heating purposes is shown diagrammatically in Fig. 555 and 
the principles of operation are described in paragraph 3. The chief re- 
quirements for a combined power and exhaust-steam heating system are: 
(1) minimum back pressure on the prime mover; (2) effective and con- 
tinuous drainage of condensation from supply pipes and radiators; (3) 
continuous removal of air and entrained moisture from confined spaces; 
(4) independent regulation of temperature in each radiator; (5) continu- 
ous return of condensation to the boilers; (6) utilization of part of the ex- 
haust for preheating the feedwater; and (7) automatic regulation. The 
principal factor in any system of exhaust-steam heating is the trap or 
automatic outlet valve attached to each radiator or heating coil which 
permits both the water of condensation and the non-condensable gases 
to be removed automatically without building up back pressure. The 
heat given off by the radiators may be regulated by varying the quantity 
of steam supplied, either by hand or automatically by thermostatic control. 
Figure 511 shows the type of trap commonly employed in current practice 
and Fig. 577 shows a section through a popular design of thermostat for 
automatically opening and closing the exhaust steam admission valves to 
the radiators. (See paragraph 296.) 

The main exhaust header in Fig. 555 is in the basement and the branch 
supply pipes feed upward. In tall office buildings the exhaust main fre- 
quently leads to the attic where it is connected with a distributing header 
and the branch supply pipes feed downward. While the latter arrange- 
ment is the better from a circulating standpoint, it requires additional 




Fig. 555. Exhaust Piping. Combined Steam Power and “Vacuum” Heating Plant 
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space for its installation and the back-pressure valve is remote from the 
engine room. 

In industrial plants where the power requirements are large and the 
exhaust from the prime movers is too great to permit of discharge to 
waste, the engines or turbines 
are operated condensing (pro- 
vided the cost of circulating 
water is not prohibitive) and 
steam for heating is extracted at 
a suitable point between the 
high-pressure and low-pressure 
stages. The exhaust, after it 
leaves the prime mover, is 
handled in the same manner 
as in the non-condensing plant. 

307. Feedwater Piping. — The 
simplest arrangement of feed- 
water piping may be found in 
the small non-condensing plants, 
in which the feedwater is ob- 
tained under a slight head, 
such as is afforded by the 
average city supply, and is heated in an open heater by the exhaust steam 
from the engine to a temperature varying from 180 to 220 deg. fahr. 
depending upon the back pressure maintained on the heater. The hot 
feedwater gravitates from the heater to the pump and then is forced to the 



Fig. 556. 


Feedwater Piping. 
Power House. 


Dodge Bros. 



Fig. 557. Feedwater Piping at Hell Gate. Group 1. 


boiler or to the economizer if one is used. If a meter is used, it is generally 
placed on the discharge side of the pump, and should be by-passed to 
permit it to be cut out for repairs. Plants operating continuously should 
have feed pumps in duplicate. In some cases, the returns from the heat- 
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ing system gravitate to the heater and only enough cold water is added 
to make up the loss from leakage, etc. In other cases, the returns gravitate 
to a special returns tank,^’ from which they are returned directly by 
pump or trap to the boiler without further heating. Occasionally a live- 
steam purifier is used, especially if the water contains a large percentage 
of calcium sulphate. The feed is then subjected to boiler pressure and 
temperature and the greater part of the impurity precipitated before it 
enters the boiler. Closed heaters are often used instead of open heaters. 
When the supply is not under head, a closed heater is usually preferred 
and is placed between the pump discharge and the feed main. 

In small condensing plants with steam-driven auxiliaries, the feed 
piping is similar to that in non-condensing plants, except that if exhaust 
steam is used for heating purposes, it is supplied by the auxiliaries, such 
as feed pumps, stoker drives, condenser engines, and other steam-using 
appliances. 

In plants having a number of boilers, it is customary to run a feed main 
or header the full length of the boiler room and connect it to each boiler 
by a branch pipe. This main may be a simple header, or it may be in 
duplicate, or of the loop or ring type. The feed main may run 
along the fronts of the boilers just above the fire doors, or above or under 
the settings, depending upon the design of the boiler room. Where a single 
header is used, the feed pumps are sometimes placed so as to feed into 
opposite ends of the main, which is then cut into sections by valves. 
Another arrangement is to place the pumps so as to feed into the middle 
of the header. With the loop arrangement the main is ordinarily cut into 
sections by valves, so that the water may be sent either way from the 
pumps and any defective section cut out. With duplicate mains a com- 
mon arrangement is to place one main along the front of the boiler and the 
other at the rear or both overhead. Sometimes one main is placed in the 
passageway below the boiler setting and the other on top. 

In the large central station, with its intricate system of obtaining a 
proper heat balance, the arrangement of the various heaters and feedwater 
piping system is one of the most difficult problems in the station design. 
Figure 556 shows the arrangement of the feedwater piping in the new 
Dodge Brothers power station, illustrating a comparatively simple layout. 
A diagrammatic outline of the feedwater piping at the Hell Gate Station 
is shown in Fig. 557, and Fig. 558 gives a similar view of the piping in 
the Hudson Ave. Station of the Brooklyn Edison Co. See also Figs. 
4^ to 418. 

In the majority of modern plants the feedwater pipe lines are of wrought 
steel, but in some of the older plants, particularly where the water is of 
poor quality, the leads from header to boiler are of brass. 
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Figure 659, A to J5, illustrates the various combinations of check valve, 
stop valves, and regulating valve in steam boiler practice. The simplest 
arrangement and one sometimes used in plants operating intermittently 
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that of regulating the water supply. This arrangement is not recom- 
mended, as any sticking or excessive leaking of the check valve will neces- 
^sitate shutting down the boiler. B shows the most common arrangement. 
Here the check valve is placed between the regulating valve and a stop 
valve as indicated. This permits a disabled check to be easily removed 
while pressure is on the boiler and the main. E shows an arrangement 
whereby both check and regulating valve may be removed, and is par- 
ticularly adapted to boilers operating continuously where the regulating 



Fig. 659. Different Arrangements of Valves in Feedwater Branch Pipes. 


valve is subjected to severe usage. In this case the stop valves are run 
wide open and are subjected to no wear. The regulating valve most 
highly recommended is a self-packing brass globe valve with regrinding 
disc. The check valve is ordinarily of the swing check pattern with 
regrinding disc. Fig. 581 (C). 

Flow of Air and Steam in Pipes: Mech. Engrg., Oct., 1926, p. 1025. 

308. Flow of Steam in Piping System. — Notwithstanding the numer- 
ous investigations conducted on laboratory apparatus and on pipe lines 
under actual service conditions, all rules relative to the flow of steam in 
commercial piping systems are more or less empirical and are limited to 
the conditions under which the tests were conducted. Many of these 
rules give fairly satisfactory results when applied to straight pipes under 
6 in. in diameter, free from obstructions, and for moderate pressures and 
temperatures. However, when applied to the large pipes employed in 
the modem central station with its high pressure and highly superheated 
steam, the results are apt to be seriously in error. While the existing 
rules for the flow of steam in straight pipes are more or less unsatisfactory, 
those pertaining to the flow in superheaters, valves, and fittings are even 
more so, and, considering the fact that the influence of the latter on the 
flow is usually much greater than that of the pipe itself, the designing 
engineer is forced to rely upon judgment and experience rather than upon 
theory. Practically all rules for the flow of steam in pipes are based upon 
the fimdamental equation for the flow of compressible fluids (see Principles 
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of Thermodynamics, Goodenough, p. 161), and may be expressed as 

p = Cv^LjA (272) 

p = Kw^Lly^ (272a) 



80 100 m 140 160 180 200 020 S40 200 

Lineal Distaneein Feet. 

Fig. 660. Steam Pressure Drop from Boiler Drums to Turbine Throttle. 


in which 

V = pressure drop, lb. per sq. in., 

CfK ^ coefficients involving a number of reduction constants and in- 
cluding the coefficient of frictional resistance, 

V = velocity of flow, ft. per sec., 
w = weight of flow, lb. per sec., 
y = mean density, lb. per cu. ft., 
d = internal pipe diameter, in., 

L = length of straight pipe or its equivalent, ft. 

The values of C and K given by various investigators are given in 
Table 99. 


TABLE 99 

VALUES FOR COEFFICIENTS C AND K 


Authority 

lloforonco 

100,000 c 

K 

Babcock.. . 

“ Steam,” 1919, p. 317 

1.43(l+3.6/rf) 

0.47(l+3.6/d) 

Carpenter.. . 

Trans. A.S.M.E., Vol. 20, p. 
347 

1.4(1+3.6,V) 

0.475(1+3.6/(1) 

Eberle 

^‘Eng. Thermo.,*’ Lucke, p. 
115 

2.67 

0.90 

Fritzsche. . . 

Mitt, tiber Forschungs^beit, 
Vol. 60 • 

5.16/do »» 


Gutermuth . 

Zeit. d. Ver. D. Ingr., Apr. 16, 
1904, p. 572 

3 82 

1.28 

Martin 

Engrg. (Lond.) Mar. 19, 1897 

1.43(l+3.6/d) 

0.47(l-i-3.6/d) 

Hawksley.. . 

Pro. Inst. Civ. Eng., Vol. 33, 
p. 55 

3.60 

1.21 

Spitzglass... 

Armour Engr., May 1917, p. 

1.47(l+3.6/d+ 

0.495(l+3.6/d+ 


302 

0.03d) 

0.03d) 

Unwin 

Encycl. Brit., Vol. 12, p. 508 

1.4(l+3.6/d) 

0.475(l+3.6/d) 
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In the average power plant where the pipe lines are comparatively 
short, no attempt is ordinarily made to calculate the pressure drops 
through the pipe itself, and the diameter is proportioned on an assumed 
maximum-velocity basis. The pressure drops through the dry pipe, 
superheater, valves, and fittings for the assumed maximum velocity are 
obtained from the manufacturer or approximated from the results obtained 
in plants having similar equipment. Where very long steam lines are 



' steam Flow - !Dwm6and8 of PoixDds per Hour 

1060 U’lO 3060 4370 6610 6690 1820 

Steam Teloolty -FeotpeirMliDiute 

Fig. 561. Steam Pressure Drop, 500-hp. B. & W. Boilers. 

employed, the friction loss in the pipe itself is considerable, and in lieu of 
other information it is common practice to use equations (272) to (274), 
preference being given to Babcock’s, Spitzglass’ and Fritzsche’s values 
for coefficients C and K, Babcock's, Spitzglass' and Fritzsche's coeffi- 
cients give practically the same results for moderate rates of discharge 
and pipe diameters under 10 in., but for larger pipe diameters and high 
rates of discharge Fritzsche's coefficient appears to give results more in 
accord with actual performance. 

In the modem turbine plant where the distances between boilers and 
prime movers are comparatively short and the valves and fittings are 
designed to offer low resistance heads, a convenient rule is to allow a 
maximum velocity of 1000 to 1250 ft. min. per in. of pipe diameter, 
the higher value for diameters over 12 in. The same rule applies to re- 
ciprocating engine plants where a large receiver is placed close to the 
engine throttle. Where the valves and fittings offer considerable resistance 
to the flow or in case of reciprocating engines without a receiver effect at 
the throttle, the maximum velocity is taken as 75 to 80 per cent of that 
given above. 
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The logical procedure, of course, is to proportion the pipe and fittings 
so that a predetermined pressure drop between the points under con- 
sideration will not be exceeded, but unfortunately, none of the rules pre- 
viously mentioned can be relied upon for accurate results. In the light 
of the best evidence available at the present time, preference should be 
given to Spitzglass’ equation for low-pressure steam (5 to 50 lb. abs.), 
saturated or wet ; to Babcock^s 
equation for dry or moder- 
ately superheated steam (100 
to 200 lb. gage and pipe sizes 
under 10 in. in diameter) ; and 
to Fritzsche^s for superheated 
steam flowing at high veloc- 
ities,' 100 ft. per sec. or more. 

For convenience in applica- 
tion, equation (272a) has been 
transposed so that the diam- 
eter of the pipe and coefficient 
K have been included in a 
factor fc, the value of which 
for Babcock^s and Spitzglass^ coefficient of friction are given in 
Table 100. 

Equation (272a) transposed is 

w = cV 'pyd^/L = k VpyfL (273) 

in which c = a coefficient involving the various reduction constants and 
the (joefficient of frictional resistance. 

in which fc = a factor including c and cL 

Other notations as in equation (272a). 

Fritzsche's coefficient when combined with the rest of the equation 
reduces to the form 

p = 0.000051G L/d^-^ (273a) 

p = 0.8 Llyd^'^"^, (274) 

Since the weight of steam discharged through any system of piping is a 
function of the pressure drop, it is evident that the greater the pressure 
drop, the larger will be the weight discharged per unit of time. A large 
drop in pressure permits of a smaller pipe and, because of the reduced 
surface, the radiation losses will be lower, but a point is soon reached where 
the economy in the size of pipe is more than offset by the loss in available 
energy due to the reduced pressure at the point of application. There 
seems to be no fixed rule for determining the drop most suitable for any 



Fig. 562. 
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Pig. 663. Pressure Drop through 20-m. Valve 
and Tee. Narragansett Elec. Co. 


given set of conditions, since the velocity factor must also be considered^ 
particularly with wet or saturated steam, because of possible damage to 
fittings and joints by vibration and water hammer. In reciprocating 
engine practice involving the use of saturated steam and in which the 
pipe leads directly to the inlet nozzle, the maximum drop in pressure is 

ordinarily limited to 1/2 to 
11/2 lb. per 100 ft. of straight 
pipe. In a number of installa- 
tions in which a large receiver 
is placed next to the inlet 
nozzle, pressure drops of 1.5 
to 2.5 lb. per 100 ft. of pipe 
have given satisfactory results. 
For very long pipe lines the 
pressure drop per 100 ft. 
must necessarily be small if 
low pressures at the point of 
delivery are to be avoided. In steam turbine practice involving the use 
of high pressure and superheat, pressure drops as high as 2.5 lb. per 
100 ft. of pipe have been allowed during periods of maximum discharge. 
It must be remembered that the pressure drop through the pipe itself is 
usually but a small portion of 
the total drop from boiler to 
prime mover because of the 
additional resistance of the dry 
pipe, superheater, valves, and 
fittings; consequently, large 
pressure drops through the 
piping alone may cause excess- | ij 
ive drops from boiler to prime 
mover unless special attention 
has been paid to the selection 
of low-resistance valves, fittings, etc. 

The average pressure drop in exhaust steam mains varies from 0.2 to 
0.4 lb. per 100 ft. for non-condensing service and from 0.2 to 0.4 in. of 
mercury per 100 ft. for a vacuum of 26 in. In large steam turbine installa- 
tions there is practically no exhaust piping and steam velocities of 300-400 
ft. per sec. are possible with a negligible pressure drop. 

Attempts to include factors for condensation or radiation losses merely 
complicate the problem without adding to its accuracy. The losses must 
be considered, of course, in estimating the probable condition of the steam 
at the end of the line, but except for bare pipe and very long covered lines 
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the influence of the heat loss on the density of the steam is less than the 
inaccuracies in the accepted formulas themselves. 

The application of Babcock^s, Spitzglass^ and Fritzsche’s equations is 
best illustrated by the following examples: 


Example 86. — Calculate the size of pipe necessary to deliver 36,000 
lb. of saturated steam per hr. through a covered pipe 1000 ft. long if the 
pressure drop is to be approximately 5 lb. per sq. in. Initial abs. pressure 
125 lb. per sq. in. 

Solution. — Here w = 36,000 -5- 3600 = :0: p = 5; L = 1000: mean 
value of 2 / = 0.2737. 

Substituting these values in equation (273) and solving: 

10 = /b V5 X 0.2737 4- 1000, or fc = 270. 


From Table 100 we find that this value of k corresponds to an internal 
diameter of 8.7 in. (by interpolation) for Babcock^s equation and 9 in. for 
Spitzglass\ 

Fritzsche^s equation (274) gives 

5 = (0.8 X 10'*^ X ICOO) (0.2737 qj. d - 8.49 in. 


Standard wrought-steel pipe is suitable for a pressure of 125 lb., and 
since the inside diameter of a 9-in. pipe is 8.94, the nearest to the calculated 
values, it is evident that the different 


equations give results substantially in 
agreement for the given conditions, 
namely, a standard weight 9-in. pipe. 

Example 87. — Calculate the size of 
pipe necessary to deliver 432,000 lb. 
of steam per hr. through a turbine 
lead 150 ft. long, if the pressure drop 
in the pipe is to be approximately 
3 lb. per sq. in. Initial abs. pressure 
350 lb. per sq. in. and superheat 300 
deg. fahr. 



Steam Flow. ThouBanda Lb. per Hr. 


Solution. — Here w = 432,000 4- Fig. 565. 

3600 = 120; p = 3; L = 150; y = 

0.495 (the change in density due to the heat drop in this length of properly 
covered pipe is negligible). 

Substituting these values in equation (273) and solving 
120 = k Vs X 0.495 -f* 150, or fc = 1206. 


^ From Table 100 we find that this value of fc corresponds to an internal 
diameter of 15.4 in. for Babcock^s equation and 16.6 for Spitzglass\ 
Fritzsche's equation (274) gives 

3 = (0.8 X 120^^ X 150) 4- (0.495 X d^^), or d = 14.3. 


From Table 90 it will be seen that O.D. pipe with 5/8-in. thickness of 
wall k specified for 350 lb. pressure and 15 to 16 in. outside diameter. 
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Babcock’s rule, therefore, calls for 15.4 + 1.25 = 16.65 O.D. Either a 
16-iii. or 17-in. pipe may be selected, depending upon the allowable devia- 
tion from the specified pressure drop. Spitzglass’ rule calls for an 18-in. 
O.D. pipe and Fritzsche’s for a 15-in. or a 16-in. O.D. pipe. 

The higher the velocity and the larger the diameter, the greater will be 
the variation in results based upon these equations. For example, the 
calculated pressure drops per 100 ft. in an 18-in. inside diameter pipe 
through which steam at an absolute pressure of 500 lb. and temperature 
of 767 deg. fahr. is flowing at a velocity of 300 ft. per sec. are as follows: 
Spitzglass, 10.3 lb. per sq. in.; Babcock, 7.57 lb. per sq. in.; Fritzsche, 
4.39 lb. per sq. in. 


TABLE 100 

VALUES OF k FOR VARIOUS PIPE DIAMETERS 


loude Diameter, 
In. 

k 

Inside Diameter, 
In. 

k 

Babcock 

Spitzglass 

Babcock 

Spitzglass 

0.5 

0.028 

0 028 

8 

217 

198 

0.75 

0.297 

0 287 

9 

298 

268 

1.0 

0.675 

0.66 

10 

392 

348 

1.5 

2 16 

2.34 

11 

505 

446 

2.0 

4.90 

4.75 

12 

635 

550 

2.5 

9 20 

8.85 

13 

780 

674 

3.0 

15.2 

14.6 

14 

950 

800 

3.5 

23.2 

22 3 

15 

1138 

955 

4.0 

33.8 

32.3 

16 

1342 

1108 

4.5 

46.3 

43 9 

17 

1580 

1270 

5.0 

62.1 

58 0 

18 

1730 

1480 

5.5 

79.5 

74 6 

19 

2100 

1680 

6.0 

99.5 

94.0 

20 

2390 

1905 

6 5 

125 

115 

21 

2700 

2138 

7.0 

152 

142 

22 

3060 

2400 

7.5 

182 

159 

24 

3840 

2930 


Numerous experiments have been conducted on valves and fittings 
with a view of formulating some rule or set of rules by means of which the 
pressure drops may be calculated for different rates of discharge and for 
varying steam conditions, but the results have been far from harmonious. 
The pressure drop is expressed either (1) directly in lb. per sq. in., or the 
equivalent, or (2) as an added length of straight pipe equivalent in resist- 
ance to the various valves, fittings and bends. Scattering tests on various 
types of valves and fittings show that the friction drop follows the law 

V = (275) 

in which 

p = pressure loss, lb. per sq. in., 

C = a coefficient depending upon the shape of the fitting and includ- 
ing certain reduction constants, 
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V ■= velocity, ft. per sec., 

m,n = experimentally determined exponents, 
d = inside diameter, in. 

Values for C, m, and n have been fairly well established for a number 
of small-sized standard screw fittings and valves for the flow of water, and 
for a few special types of valves and fittings for tne flow of steam, but 
sufficient data are not available to render equation (275) of much service 
in steam piping design. 

The values (see equation 278), calculatea by Foster/ are perhaps as 
reliable as any, but since they are based on experimental data obt&ined 
from the flow of water they must be used advisedly in steam-piping 
calculations. 

Briggs’^ rules are frequently used in this connection, but results calcu- 
lated from them are not in accord with the few scattering tests conducted 
under high-pressure conditions. They appear to be satisfactory for low- 
pressure service. According to Briggs, the length L of straight pipe in 
inches equivalent to the resistance of one standard screwed 90-degree 
elbow is 

L = 114d-^ (1+3.6/d) (275a) 

and that of a standard globe valve 

L = 75 d (1 + 3.6/d) (2755) 

Valves and fittings which offer considerable resistance to the flow of 
steam should be avoided in the modern power house, and special pre- 
caution is used in doing away with sharp turns and in employing valves 
and fittings designed for low-friction heads. 

Some idea of the pressure drops in piping systems and special types of 
valves may be gained from the curves in Figs. 560 to 565. 

Resistance of Fittmgs to Flow Through Pipes: Trans. A.S.M.E., Vol. 42, 1920, p. 649. 

Numerous charts and tables based on the commonly used equations 
may be found in various publications. These charts and tables do away 
with the laborious calculations and furnish a means of rapidly solving 
problems involving the flow of steam. 

Graphical Charts for Flow of Steam in Pipes: Trans. A.S.M.E., Vol. 42, p. 662, 657; 
“Helios,” 27th Ed., p. 276-8; Mark’s Handbook (1916), p. 1354. 

Tables for Flow of Steam in Pipes: Kent’s Handbook, 1923, p. 929; Trans. A.S.M.E., 
Vol. 20, p. 347; “Steam” (B. & W. Co.), 1922, p. 318-20. 

Power Line Loss with Superheated Steam: Power, Aug. 7, 1923,. p. 233. 


1 Trans. A.S.M.E., Vol. 42, 1920, p. 648. 
* Warming Buildings by Steam. 
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High Temperature and High Pressure Steam Lines: B. N. Broido, Trans. A.S.M.E., 
Vol. 44, 1922, p. 1199. 

CriMcal Velocity in One-pipe Heating Systems: Power Plant Engrg., Sept. 15, 1922, 
p. 914. 

Capacities of Steam Heating Risers: Jour. A.S.H. & V.E., Mar. 1923, p. 115. 

309. Flow of Water through Orifices, Nozzles, and Pipes. — The flow 
of water through orifices, etc., has been treated so thoroughly in numerous 
books on hydraulics that no attempt will be made to develop the various 
formulas used in this connection, and only those occasionally required for 
power house calculations will be given. 

Free discharge from orifices and nozzles. — The rate of discharge through 
all shapes of orifices and nozzles may be calculated with sufficient accuracy 
for general service from the following equation: 

Q = CA VT^ (275c) 

in which 

Q = rate of discharge, cu. ft. per sec. 

C = an experimentally determined coefficient varying with the head 
and shape of opening. 

A = area of the orifice, sq. ft. 

h = head of water producing flow, ft. 

g = acceleration of gravity = 32.2. 

For circular orifices with sharp edges 

C = 0.59 to 0.65; average 0.60. 

For short cylindrical nozzles 2.5 diameters in length with sharp edges 
C = 0.81 to 0.83; average 0.82. 

With rounded edges C may be increased to 0.96. 

For short nozzles and conical convergent tube, sharp edges, angle 15 
deg. C = 0.94. 

With rounded edges C may be increased to 0.96. 

Discharge from cylindrical pipe. — There are numerous formulas for the 
flow of water in pipe, but it is difficult to select the one best suited for the 
ordinary pipes of engineering practice because there is no standard of 
interior roughness and the interior surface does not remain constant in 
service. Many of the more exact equations are complicated and require 
considerable time for evaluation and, unless accompanied by curves or 
tables giving reduction factors, are too unwieldy for everyday practice. 
Pipe tables, similar in purpose to steam tables, are to be found in most 
engineering handbooks and in practically all catalogues of pump manu- 
facturers, so that the use of formulas may be dispensed with entirely. 
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Spitzglass^ equation appears to check substantially with experimental 
data, and in connection with a table of constants for various pipe sizes, 
offers a simple means of calculating the flow of water in pipes. Spitzglass’ 
equation for the flow of water in iron pipes of average smoothness and 
cleanliness is 


Q = 53.4 VriV(l + 3.6/d + 0.03 d) Vh/L (276) 

- k Vh/L (276a) 


in which 

Q = rate of flow, gal. per min., 
d = internal pipe diameter, in., 
h = friction head or pressure drop, ft. of water, 

L = length of pipe, ft., 

fc = a factor, including constant 53.4, for various pipe diameters. 
Spitzglass^ values for k are given in Table 101. 

Loss of head dm to friction in pipes. — All of the more exact rules for the 
friction head in pipes are of the foim 

hj = CLiP/d^ (277) 


in which 

hf = friction head, ft. of water, 

C = coefficient, including the various reduction constants, 

m, n = experimentally determined coefficients. 

Other notations as in equation (276). 

Conrad Meir^s values for C, m, and n are 0.0085, 1.86 and 1.25 respec- 
tively. 

For clean commercial steel pipe and average water, the following simpli- 
fied modification of equation (277) gives reasonably accurate results. 

hf = .0045 Lvyd. (277a) 

The following empirical rule checks up fairly well with test results for 
velocities under 10 ft. per second, 

hf==L{4v^ + 5v- 2)/ 1100 d. (2776) 

Example 88. — 200 gal. of water per min. are to be discharged through 
a 4-in. steel pipe line 400 ft. long. Calculate the pressure drop by the 
various rules given above. 

Solution. — v = (200 X 144) -5- (7.48 X 60 X 12.72) = 5 ft. per sec. 
d = 4; L = 400; ifc = 1220 from Table 101. 
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TABLE 101 

VALUES OP COEFFICIENT “ A; ” 


(Spitzglass) 


Internal 

Diameter 

In. 

k 

Internal 

Diameter 

In. 

k 

Internal 

Diameter 

In. 

h 

0 5 

3 2 

5.0 

2,350 

13 

25,200 


10 6 

5.5 

2,812 

14 

30,250 


24 7 


3,530 

15 

35,800 

1.5 

79 3 

6.5 

4,350 

16 

41,600 


178 8 


5,272 

17 

48,600 

2 5 

334 0 


7,400 

18 

55,600 




10,000 

19 

63,400 

3.5 

884 0 


13,120 

20 

71,600 

4.0 



10,650 

22 

90,000 

4 5 

1650.0 

12 0 

20,700 

24 

110,000 


Spitzglass: 

200 = 1200 VV400 hj = 11.1 ft. 

Meir: 

hf = 0.0085 X 400 X hf = 11.9 ft. 

Equation (277a) 

hf = 0.0045 X 400 X 25/4 hf = 11.2 

Cox: 

hf = [(4 X 52) + (5 X 5) - 2] 400 -- 1100 X 4 hf = 11.2 

Example 89. — If 600 gal. of water per min. are to be forced through a 
4-in. iron pipe line 400 ft. long, what will be the pressure at the discharge 
end if the initial pressure is 100 lb. gage ? 

Solution. — Here d = 4; L = 400; A: = 1220; Q = 600; 2.3 ft. of 
water = 1 lb. per sq. in. Let pz = final pressure, lb. per sq. in., then hf 
= 2.30 (100 — P 2 ). Substituting these values in equation (276a) and 
solving 

600 = 1200 V2.3 (100 - P2)/400, pz = 56.5 lb. per sq. in. 


Loss of head ^ to friction of fittings, — The law for the friction loss 
through fittings is, according to the latest experiments, of the same general 
form as equation (277) except that coefficient C and length L are combined 
to form a single experimentally determined coefficient, K, According 
to Foster, the friction drops for the flow of water through various standard 
screw fittings may be calculated from the formula 

L = 2.47 rdi-26 (278) 

in which 

L « equivalent length of standard pipe to allow for the fitting under 
consideration^ ft. 






PIPING AND PIPE FITTINGS 


761 


r » an experimentally determined resistance factor, 
d = inside diameter of pipe to which fitting is attached, in. 


Foster^ assigns the following values for r: gate valve, 0.25, long-sweep 
elbow or one run of standard tee, 0.33; standard 90 deg. elbow, 0.42; 
angle valve, 0.90; close return bend, LOO; globe valve, 2.00. For steam 
use 2.21 in place of 2.47 in equation (278). 

A rough rule is to assume that the friction head, ft. of water, varies 
with the square of the velocity, thus 

hf^Cvy2g (278a) 


C having the following values 
Angles 

45 deg. 90 deg. Gate 
C 0.182 0.98 0.182 


Class of Valve 
Globe Angle 

1.91 2.94 


Because of the great variation in design of valves and fittings there is 
naturally a wide range in the values of the experimentally determined 
coefficients, and the constants given above must be usv d advisedly. For 
data pertaining to special experimental research consult the accompanying 
bibliography. 

Flow of Water in Short Pipes: Trans. A.S.M.E., Vol. 45, 1923. 

Flow of Water through One and One-half Inch Pipes and Valves: Purdue, Engrg. Exp. 
Station, Bui. No. 1, 1918. 

Hydraulic Experiments with Valves, Orifices, Hose, Nozzles, and Orifice Buckets: Univ. 
111., Engrg. Exp. Station, Bui. No. 105, 1918. 


Average power plant practice gives the following maximum velocities 
of water flow in clean iron pipes. 


Size of Pipe in 
Inches 

Velocity, 

Ft. per Minute 

Size of Pipe in 
Inches 

Velocity, 

Ft. per Minute 

i to ^ 

50-100 

3 to 6 

300-.500 

i to IJ 

100-200 

Over 0 

500-800 

U to 3 

200-300 




Friction through Condenser Tubes, — The following equation is commonly 
used in this connection 

Cv^'^L + 2N (279) 

in which 

N = No. of passes; other notations as previously given. 

C = 0.016 for 5/8-in. tubes; 0.012 for 3/4-in.; 0.008 for 1-in. for clean 
tubes. Add 20 per cent for dirty tubes. 

1 Trans. A.S.M.E., Vol. 42, 1920, p. 649. 







Fig. 566. Typical Globe Valve, Fig. 567. Typical Globe Valve, 

Screw-top, Inside-screw. Bolt-top, Outside-screw. 


in use for small sizes. Globe valves are designated as (1) inside screw 
and (2) outside screw, according as the screw portion of the stem is inside 
the casting, Fig. 566, or outside, Fig. 567. The top, or bonnet, may be 
screwed into the body of the valve, Fig. 566, or bolted. Fig. 567. The 
smaller sizes, 3 in. and under, are usually of the screw-top type and the 
larger of the bolt-top type. Valves with outside yoke and screw are 
preferable to others, in that they show at a glance whether the valve is 
open or closed, an advantage in changing from one section to another. 
The discs are made in a variety of forms, the material depending upon 
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the nature of the fluid to be controlled. Thus, for cold water, hard 
rubber composition gives good results; for hot water and low-pressure 
steam, Babbitt metal; for high-pressure saturated steam, copper or 
bronze; and for higfily superheated s+eam, monel metal. The valve 
bodies are of brass for low-temperature sizes under 3 in., cast iron for 
the larger sizes and ordinary pressures and temperatures, and cast steel 
or forged steel for high temperatures and pressures. Globe valves should 
always be set to close against the pressure, otherwise they could not be 
opened if the valves should become dot ched from the stem. Globe 
valves should never be placed in a horizontal steam return pipe with the 
stem vertical, because the condensation will fill the pipe about half full 
before it can flow through the valve, (llobe valves that are open all the 
time are preferably designed with a self-packing spindle, as in Fig. 567, 
in which the top of shoulder C can be drawn tightly against the under 
surface of bonnet S, thus preventing steam from leaking past the screw 
threads while the spindle is being packed. For low pressures such as are 
encountered in heating scjrvice, a packless valve of the uype illustrated in 
Fig. 568 is finding favor with engineers, l^he sylphon bellows encloses 



Fig. 568. Typical 
Packless Valve. 



Fig. 569. Typical Low- 
pressure Gate Valve, 
Outside - screw and 
Yoke. 



Fig. 570. Typical Gate 
Valve, Solid-wedge, 
Bolt-top, Inside-screw. 


the valve stem so that the stuffing box is dispensed with. Small valves 
for high-pressure superheater drains are frequently designed of forged 
steel. 

Figures 569 to 573 show different designs of gate or straightway valves. 
These valves offer little resistance to the flow of fluid passing through 
them and are designed with the same range in body design and materials 
a& the globe valves. Figure 570 shows a section through a typical cast- 
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iron, bronze-trimmed valve with solid-wedge gate and suitable for mod- 
erate pressures and temperatures. For the sake of illustration this valve 
is fitted with inside screw. In this design the spindle remains stationary 
so far as any vertical movement is concerned 
I and the gate or plug, being attached to it by 

i means of a threaded unit, rises into the bonnet 
when the spindle is revolved. It is impossible to 
tell by its appearance whether a valve of this 
form is open or closed. Valves with inside screw 
are adapted to situations where there is con- 
siderable external dirt and grit, since the screw 
is enclosed and protected. 

Figure 571 shows a section through a cast-steel 
valve with split-wedge gate and monel trimmings, 
designed for high pressures and temperatures. 
This particular design is fitted with outside screw 
and yoke. This construction is a perfect in- 
dicator to show whether the valve is open or shut, 
as the hand wheel is sta- 
— tionaiy and the spindle 
rises in direct proportion to 
the amount the valve is ^ 

^ i I r i . § ^ ^ 

opened. Practically all « I a 

Fig. 571. laical High- power stations using high- fe W 

PreHsure Gate Valve, ^ i w 

Split-wedge. pressure superheated steam ^ ^ 

have standardized on the p | 

steel-body gate valve with complete chrome-nickel 
trimmings. All high-pressure valves above 8 in. 
in diameter should be provided with a small by-pass 
valve, as the pressure exerted against the disc or ^ yPI U 
gate is very great when the valve is closed, and the [ 

force required to move it is considerable. The by- 

pass valve also facilitates “ warming up the section Fig. 572. Typical Angle 
to be cut in and is more readily operated than the Valve, Gate-pattern, 
main valve. 


Fig. 572. Typical Angle 
Valve, Gate-pattern. 


311. Stop /Valves — Remote Control. — In the modem steam power 
plant, steam-header and sectionalizing valves and the large valves in the 
condenser circulating-water pipe line are usually power operated. This 
greatly reduces the time of opening and closing the large valves and per- 
mits of remote control. If a bad break should occur in the high-pressure 
steam line, it would be almost impossible to locate it and sectionalize the 
header by hand-controlled valves, on account of the tremendous volume 
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of steam escaping and the consequent confusion. With power-operated 
valves this opening and closing can be effected at any distant point by the 
use of a suitable control system. Both hydraulically, and electrically 
operated gate and globe valves for all purposes are on the market. 

Figure 573 shows a section through a typical hydraulically controlled 
gate valve, and Fig. 574 gives a diagrammatic outline of the control 
system at the Northeast Station of the Kansas City 
Power & Light Co. All of the valves on the circulating 
water lines in the condenser well, and als those on the 
steam headers in the boiler room, are provided with 
hydraulic cylinders. Oil is used as the operating fluid 
and is supplied at a pressure of 150 lb. gage. The pump 
is automatically started and stopped and the pressure on 
the system is maintained uniform by means of a weighted 
accumulator. The two ends of the hydraulic cylinder on 
each valve communicate with the oil system through a 
four-way plug cock which can be placed at any conveniv^nt 
point. Turning the cock admits oil to cither side of the 
piston and exhausts it from the other, and this in turn 
opens or closes the gate. Admission of oil to the valves 
causes the accumulator to descend to such a point that 
the float switch closes and the pump is started. The Ym. 573 . Typi- 
pump continues to operate until the demand for oil is over cal Hydraulic- 
and the counterweight, attached by a cable to the ac- idly Operated 
cumulator, reaches its extreme position and opens the Gate Valve, 
circuit. 

Figure 575 shows the general details of an electrically operated high- 



Fia. 574. Hydraulically Operated Valve System. 

pressure steam globe valve provided with a declutching device to insure 
automatic stopping without jamming when the motor armature and gears 
drift after tripping. It is also equipped with a self-contained electrical 
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Fig. 575. 


Doan Electrically Con- 
trolled Valve. 


limit capable of breaking the main motor current without arcing, and so 
geared that operation of the valve by hand will not throw it out of adjust- 
ment. To open or close the valve, 
it is only necessary to manipulate a 
switch or push button placed at any 
convenient point. When such a valve 
is used for high-pressure steam service, 
there arc usually three points of con- 
trol: (1) a local control station mounted 
at some point from which opening and 
closing the valve may be observed, (2) 
a remote control in the boiler room 
close to the door leading into turbine 
room and (3) a remote control at a safe 
point unlikely to be affected by steam 
flow. In some plants, a centralized con- 
trol board is adopted. Figure 576 
shows the location of the electrically 
operated valves in the Hell Gate Sta- 
tion of the United Electric Light & 
Power Co. 

In steam heating plants, the supply valves on the heating coils are 
frequently controlled by a 
thermostat. Each valve 
may be controlled by a 
direct-acting individual 
thermostat, or by a thermo- 
stat of the relay type which 
controls the motive power 
actuating the valve. The 
direct acting controls are 
usually of the sylphon type 
in which a small tempera- 
ture variation effects a con- 
siderable change in length 
of the bellows. This change 
in length opens and closes 
a balanced stop valve. 

Figure 577 shows a sec- 
tion through a Powers 
thermostat illustrating a relay type of mechanism for regulating the sup- 
ply of compressed air to a stop valve of the diaphragm type. 
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Location of Electrically Operated Valves, 
Hell Gate Station. 
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The expansible disc U contains a volatile liquid having a boiling point 
of about 50 deg. fahr. The pressure of the vapor within the disc at a 
temperature of 70 deg. amounts to 6 lb. to the sq. in., and varies with 
every change of temperature, causing a variation in 
the thickness of the disc.. The disc is attached by a 
single screw 0 to the lever Q, which rests upon the 
screw F as a fulcrum. The flat spring li holds the 
lever and disc against the movable flange M. Con- 
necting with the chamber N are two air passages 
H and /. The thermostat is attached by means 
of two screws at the upper end to a wall plate 
permanently secured to the wall. This wall plate 
has ports registering with H and 7, one for supply- 
ing air under pressure and the other for conducting 
it to the diaphragm motor which operates the valve 
or damper. Air is admitted through II under a 
pressure of about 15 lb. per sq. in., and its pas- 
sage into chamber N is regulated by the valve /, 
which is normally held to its seat by a coil spring 
under cap P. K is an clastic diaphragm carrying 
the flange M, with escape valve passage covered 
by the point of valve L. Valve L tends to 
remain open by reason of the spring. When the temperature rises suffi- 
ciently, expansion of the disc U first causes the valve to seat, its spring 
being weaker than that above valve J, If the expansive motion is con- 
tinued, valve J is lifted from its seat and com- 
pressed air flows into chamber V, exerting a pres- 
sure upon the elastic diaphragm K in opposition 
to the expansive force of the disc. If the tem- 
perature falls, the disc contracts and the over- 
balancing air pressure in N results in a reverse 
movement of the flange M, permitting the escape 
valve to open and discharge a portion of the air; 
thus the air pressure is maintained always in 
direct proportion to the expansive power (and 
temperature) of the disc U. The passage I com- 
municates with a diaphragm valve. Fig. 578. 
The compressed air operates the diaphragm against 
a coiled spring resistance, so that the move- 
ment is proportional to the air pressure and the supply of steam is 
controlled accordingly. The adjusting screw (?, squared to receive a key, 
carries an indicator by means of which the thermostat can be set to carry 



Diaphragm Valve. 



Fig. 577. Powers 
Thermostat. 
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any desired temperature within its range, usually from 60 to 80 deg. 
In changing the temperature adjustment, lever Q forces the disc U closer 
to or farther from the flange M. 

In connecting up the system, compressed air is carried to the thermostat 
and diaphragm valves, from a reservoir, through small concealed pipes. 

In the indirect system of heating, the dampers are of the diaphragm 
type and the method of regulation is the same as with the direct system. 

Sectionalizing and Remote Control of High-jn'essure Steam TAnes: Mech. Engrg., Aug., 
1923, p. 483. 

Electrically Operated Valves: Power Plant Engrg., June 1, 1923, p. 572. 

312. Emergency Closing Valves. — In addition to the remote-control 
power-actuated stop valves which can be quickly closed in case of emer- 
gency, there are a number of valves on the market intended primarily for 
emergency service. One of the simplest of these is the butterfly valve, 
which is similar in principle to the weighted check illustrated in Fig. 581Z). 
The disc is held open by a trigger device which may be operated manually 
by a cord or electrical push button, or automatically by any pressure or 



Pig. 679. Typical Triple-acting Fig. 579a. Pilot Mechanism 


Emergency Valve. for Emergency Valve 

speed variation. Releasing this trigger causes the weight attached to the 
disc-shaft lever to drop, which in turn quickly closes the valve. A by- 
pass is provided so that the pressure on both sides of the disc can be 
equalized when the valve is restored to its open position. Valves of this 
type are commonly placed on turbine and engine leads and the releasing 
mechanism is arranged so that it may be tripped automatically, when the 
unit overspeeds, or manually from some distant point. 

Figure 579 shows a section through the valve body and Fig. 579a a 
ffimilar view of the pilot mechanism of a triple-acting emergency valve, so 
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called because it is intended to act as a non-return valve as well as to cut 
off the flow when a predetermined pressure drop occurs on either side of the 
valve. Referring to Fig. 579, valve disc V and piston P are secured to 
the same stem so that the latter rises with the lift. Piston P acts as a 
dashpot, a double cushioning effect being established by the confined 
spaces S and S\ Steam from the lower side of the valve disc passes 
through by-pass B into the upper chamber U and through opening 0 
into annular space S. When the pressure on both sides of the disc is the 
same and the steam in space S is confined so that it cannot escape, the 
system is balanced and the valve is free to move. Annular space S is 
piped to the pilot valve. In case the pressure on the lower side of the 
disc is suddenly lowered, as in case of a tube blow-out, the disc will close 
because of the reversed flow. On the other hand, in case the pressure on 
the upper side of the disc should drop below a predetermined amount, the 
pilot valve, which is connected to this side of the line, will release the 
pressure in annular space S, and the excess pressure in chamber U will 
force the valve to its seat. The steam pressure acting on the lower side 
of the pilot valve may be automatically released by the lifting of the 
pilot-valve disc (as when the pressure in the small lead from pilot valve 
to header drops), or an electrically operated trip may open the pipe to the 
atmosphere. In case of a large and sudden drop on the upper side of the 
disc, the kinetic energy of the steam acting on the bottom of the disc will 
tend to retard and may even overcome the differential pressure acting 
on top of the piston. 

313. Non-return or Stop-check Valves. — Where there are two or more 
boilers connected to a common steam header, each boiler should be pro- 


vided with an automatic return valve to prevent re- 
versal of flow. To be successful, such a valve should 
not open until the pressure in the boiler is equal to or 
slightly greater than that in the header; it should 
neither stick and become inoperative nor chatter and 
hammer while performing its duty. Figure 580 
shows a section through a typical automatic non-return 
valve, which, as will be seen from the illustration, is 
essentially a cushioned check valve with a detached 
valve stem for securing the valve to its seat in case 
the valve is to be held closed. In some designs the 
cushioning effect is produced by an exterior spring con- 
nected through suitable linkage to the disc instead of 
an interior dashpot as illustrated in Fig. 580. In the 
event of a tube ‘‘ blowing out in a boiler to which a 



Fig. 580. Typical 
Automatic Non- 
return Valve. 


non-return valve is connected, the valve will instantly and automatically 
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close, cutting out the boiler and preventing a back flow of steam from 
the main. It will also act as a safety stop valve, preventing steam 
from being turned into a cold boiler while men are working inside, be- 
cause it cannot be opened when there is pressure on the header side 
only. 

Electrically operated non-return valves are also in use. The operation 
is the same as that required on triple-duty design (see paragraph 311) 
with the exception that the valve stem is driven by a motor with reduction 
gearing. 

For a description of a series of low-pressure-loss non-return valves, 
consult Report of Prime Movers Committee, N.E.L.A., 1923, Part A, 
p.42. 

314. Check ValTes. — Figure 581, A to 7), illustrates the different 
types of check valves in most common use on water lines. A is a ball 
check, B a cup or disc check, C a swing check, and D a weighted check. 
Occasionally the valve body is fitted with a valve stem and handle for 



(A) (B) (C) (D) 


Fig. 681. Types of Check Valves. 

holding the disc against its seat, in which case it is designated as a stop 
check. In A and R, the valve seat is parallel to the direction of flow and 
the valve is held in place by its own weight and by the pressure of the 
fluid in case of reverse flow. In the swing check, the seat is at an angle 
of about 45 deg. to the direction of flow. The latter construction is pre- 
ferred as it offers less resistance to flow and there is less tendency for 
impurities to lodge on the valve seat. By extending the hinge of the 
swing through the body of the valve, a lever and weight may he attached 
as in D, and the check will not open except at a pressure corresponding to 
the resistance of the weight. It thus acts as a relief valve and at the 
same time prevents a reversal of flow. Stop checks are usually inserted 
in boiler feed lines close to the boiler, and, when locked, act as any ordinary 
stop valve and permit the piping to be dismantled or the regulating valve 
to be reground without lowering the pressure on the boiler. Since the 
wear on check valves is excessive and necessitates frequent regrinding, 
they are often mounted with regrinding discs. Fig. 581 (C), which may 
be ground against the seat without removing the valve from the line. 
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315* Blow-off Cocks and Valves. — The requirements of a good blow- 
off valve are that it shall furnish a free passage for scale and sediment, 
that it shall close tightly so as not to leak, and that it shall open easily 
without sticking or cutting. On account of the rather severe service to 
which such valves are subjected, they should be made very heavy, with 
renewable wearing parts. 

Figure 582 gives a sectional view of a Crane blow-off valve suitable for 
300 lb. pressure. The bod}'' and bonnet are of cast steel and the seat of 



Fig. 582. Crane lilow-off Valve. Fig. 583. Lunkenheiincr Blow-off Valve. 


monel metal. The disc is designed to form a throttling lip with the 
body so that scale cannot lodge between the seat and disc. Figure 583 
shows a section through a Lunkenheimer blow-off valve suitable for 400 
lb. pressure. The body and bonnet are of cast steel 
and the mountings of monel metal. The effect of 
wire drawing and the consequent rapid erosion of 
the seating surfaces are minimized by the piston- 
shaped disc which, as the valve is closed, fits con- 
centrically within the cylinder above the seat. 

Figure 584 shows a section through a typical 
blow-off cock of the straightway taper-plug pattern 
with self-locking cam. Plug cocks are sometimes 
used for throttling, but they are not suitable for 
this service and should be used only as a protection 
against leakage of the blow-off valve. Yiq. 584. Typical 

Every blow-off outlet of each boiler in a battery Blow-off Cock, 
should be equipped with a blow-off cock or a 7 
blow-off valve between the boiler and the blow-off valve, as shown in 
Fig. 585. When a boiler is blown off, the cock or Y valve should be 
opened first and the blowing-off operation controlled by the blow-off 
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valva After blowing, the blow-off valve should be closed first, and then 
the cock or Y valve. 



Fig. 685. Arrangement of Blow-off Valves and Cocks. 


316. Safety Valves. — The dead weight is the simplest form of safety 
valve. The valve is held on its seat against the boiler pressure by a cast- 
iron weight. This type has the advantage of groat simplicity, and can 
be least affected by tampering, since it requires so much weight that any 
additional amount which would seriously overload it can be quickly 
detected. 

In the lever-type of safety valve, the valve is held against its seat by a 
loaded lever, thereby permitting the use of a much smaller weight than the 
dead-weight type, since the resistance is multiplied by the ratio of the 
long arm of the lever to the short one. The proper position of the weight 
is determined by simple proportion. The use of safety valves of the 

dead-weight or lever ” type for high-pres- 
sure service is prohibited in U. S. marine service 
and in most states and should be completely 
discontinued since these valves are not only 
unreliable but possess many operating dis- 
advantages when compared with the spring- 
loaded device. 

Figure 586 shows a section through a typical 
pop safety valve in which the boiler pressure is 
resisted by a spring. This type of valve has 
practically supplanted all other forms. The 
boiler pressure acting upon the under side of 
valve V is resisted by the tension in spring S. 
As soon as the boiler pressure exceeds the re- 
sistance of the spring, the valve lifts from its seat and the steam escapes 
through opening 0. The static pressure of the steam plus the force 
of its reaction in being deflected from the surface A holds the valve 
■open until the pressure in the boiler drops about 5 lb. below that at 
which the valve is lifted. The additional area of valve exposed to 
pressure when the vdve lifts causes it to open with a sudden motion 



Fig. 586. Typical “Pop” 
Safety Valve. 
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which has given it its name, and it also closes suddenly when the pressure 
has fallen. These valves are arranged so that the spring tension may be 
varied without taking them apart, and provision is made for lifting the 
seats by means of a lever. The seats are of forged chrome nickel, solid 
nickel or monel metal in the best designs, to minimize corrosion. 

The commercial rating of a safety valve is based upon the area exposed 
to pressure when the valve is closed. 

The number and size of safety valves for a given boiler are ordinarily 
specified by insurance, city, or state legislation. 

The logical method for determining the size of safety valves is to make 
the actual opening at discharge sufficient to take care of all steam gener- 
ated at maximum load without allowing the pressure to rise more than 6 
per cent above the maximum allowable working pressure, thus: 

Let W = maximum weight of steam discharged, lb. per hr., 

A = effective discharge area, sq. in., 

P = boiler pressure, lb. per sq. in., abs., 

L = lift of valve, in., 

K = coefficient determined by experiment, 

D = diameter of valve, in. 

According to Napier’s rule for the discharge of steam through unre- 


stricted orifices 

W = 3600 PA/70 = 51.4 PA, (280) 

Allowing 0.96 for restriction of orifice (A.S.M.S. Code) 

W = 49.3 PA. (280a) 

For a flat-seated valve, A = tDL 

whence W = 155 PDL and D = 0.00645 W/PL. (2805) 

For the almost universal 45-deg. seated valve 
A = ttDL sine 45 deg. 

whence W = 109.7 PDL and D = 0.00911 iV/PL. (280c) 

The present rule of the United States Board of Supervising Inspectors 

is 

a = 0.2074 w/P (280d) 


in which 

a = area of the safety valve in sq. in. per sq. ft. of grate surface, 
w = lb. of water evaporated per sq. ft. of grate surface per hr. 
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This nlle assumes a lift of 1/32 of the nominal diameter and 75 per 
cent of the flow calculated by Napier^s rule. The 75 per cent corresponds 
nearly to the cosine of 45°, or 0.707. 

Example 90a. — A boiler at the time of maximum forcing uses 2150 lb. 
of screened-nut Illinois coal per hr.; heat value 12,100 B.t.u. per lb.; 
boiler pressure 225 lb. per sq. in. gage; feedwater 200 deg. fahr. Required 
the size of safety valve. 

Solution. — Assuming a boiler efliciency of 75 per cent, the total maxi- 
mum evaporation is 

W = 2150 X 12,100 X 0.75 1033 = 18,880 lb. per hr. 

(1033 = heat content of 1 lb. of steam at 225 lb. gage above 200 deg. 
fahr.) 

Assuming a lift of 0.1 in., we have, from equation (280c), 

D = 0.0091 X 18,880 -s- 240 X 0.1 = 7.17 in. 

According to the A.S.M.E. code, two valves would be required. Con- 
sidering two valves having the same lift as the single valve, the diameter 
of each for the given condition would be 7.17/2 = 3.5 in. (approx.). 

The preceding analysis refers to the standard 
'^low-liff safety valve of 1925 and earlier. In 
order to reduce the number and size of valves for 
the modern high-capacity steam generator with pres- 
sures up to 1500 lbs. and temperatures of 750 deg. 
fahr. this style of valve has been supplanted by 
the high-lift nozzle-type as illustrated in Fig. 586a. 
Before popping, only the seat diameter of the disc 
is subjected to boiler pressure and determines the 
seating load. As the valve opens, the chamber be- 
tween the seat and the restricting orifice is filled 
with steam, which builds up a static pressure on 
the extension of the disc, increases the lifting effort 
instantaneously and provides the pop. The maxi- 
mum lift is D/6 as against D/32 for the older 
type and the rated capacity of a 3-in. valve at 
300 lb. pressure is 44,200 lbs. per hr. against 10,350 
lbs. Consult “Fundamentals of Safety Valve De- 
signs,” by R. J. S. Pigott, Power, Apr. 19, 1927, 
p. 580. 

High-pressure Safety-valve Testing Plant at Bridgeport: Power, Nov. 24, 1925, p. 804. 



Fig. 686a. High-lift 
Safety Valve. 
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317. Back-pressure and Atmospheric-relief Valves. — These valves are 
for the purpose of preventing excessive back pressure in exhaust pipes. 
In non-condensing plants, such valves are designated as back-pressure 
valves and in condensing plants as atmospheric relief valves. In the 



Fig. 587. Arrangement of Safety-valve Piping. L Street Station. 

former, the valve is usually adjusted so that a pressure of 1 to 5 lb. above 
the atmosphere is necessary to lift it from its seat; in the latter, the valve 
lifts at about atmospheric pressure. They are practically identical in 
construction, differing only in minor details. 

A slight leakage in the back-pressure valve is 
of small consequence, but, in an atmospheric 
relief valve, it may seriously affect the degree 
of vacuum and throw unnecessary work upon 
the air pump; hence, it is customary to 
‘‘ water-seal ” the latter. Figure 588 shows 
a section through a typical back-pressure 
valve. The valve proper consists of a single 
disc moving vertically. The valve stem is 
in the form of a piston or dashpot which 
prevents sudden closing or hammering. The 
pressure holding the valve against its seat is 
regulated by a spring. When the back pres- 
sure becomes greater than atmospheric plus that added by the spring, the 
valve rises from its seat and relieves it. 



Fig. 588. Typical Back-pres- 
sure Valve. (Single-seated, 


Spring-loaded.) 
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Figure 589 shows a section through a back-pressure valve of the double- 
seated, lever-loaded type, in which the resisting pressure is varied by 
means of a lever and weight. 

Figure 555 shows the application of a back-pressure valve to a typical 
heating system. 

Figure 590 shows a section through a typical atmospheric-relief valve. 
Opening B is connected to the exhaust pipe and opening A leads to the 
atmosphere. Under normal conditions of operation atmospheric pressure 



Fig. 589. Typical Back-prcs- Fig. 590. Typical Atmos- Fig. 591. Typical 
sure Valve. (Double-seated, pheric-rclief Valve. Atmospheric-relief 

Lever-loaded.) Valve. Counter- 

weight Type. 

holds valve V against its seat. Water in groove S water-seals the 
seat and prevents air from being drawn into the condenser. In case the 
pressure in pipe B becomes greater than atmospheric, it lifts valve V 
from its seat and is relieved. Piston P acts as a dashpot and prevents 
the valve from slamming. 

Figure 591 shows a section through an atmospheric relief valve in which 
the weight of the valve is counterbalanced or even overbalanced by an 
adjustable weight and lever, thereby permitting the valve to open at or 
below atmospheric pressure, as may be desired. 

318. Foot Valves. — Whenever a long column of water is to be moved 
in either a suction or delivery pipe, it is customary to place a check valve 
near the lower end of the column to prevent the water from backing up 
when the pump reverses or shuts down. The check valve placed at the 
end of the suction pipe is called a foot valve. Any check valve may be 
used as a foot valve, though practice limits the choice to the disc or flap 
type as illustrated in Fig. 592. To prevent rubbish from destroying the 
action, a strainer or screen is generally incorporated with the body of the 
valve. A, Fig. 592, illustrates a single-flap, B a multi-flap and C a disc 
valve composed of a nest of small rubber valves. The single-flap are 



PIPING AND PIPE FITTINGS 


777 


usually made in sizes 3/4 to 6 in., the multi-flap 7 to 16 in., and the disc 
valve in all commercial sizes from 3/4 to 36 in. For large sizes, 16 to 
36 in., the multi-disc valve is given prefen nee, since a number of the 
discs may be disabled without destroying its operation. 



(A) (B) (CJ 

Fio. 592. Typical Foot Valves. 


319. Reducing Valves. — It is frequently necessary to provide steam 
at different pressures in the same plant, as in case of a combined power 
and heating plant, or for supplying low-pressure steam to turbine glands. 
To effect this result, the redutJtion in pressure is acc^omnlished by passing 
the steam through a reducing valve, which is but an automatically operated 
throttle valve. 

Figure 593 shows a section through a reducing valve of the diaphragm- 
lever type suitable for moderate initial pressures and temperatures. The 
low-pressure steam acts upon 
the top of flexible diaphragm 
D, and the weighted lever 
L (which can be adjusted 
to give the desired reduc- 
tion in pressure) acts upon 
the other side. The move- 
ment of the diaphragm 
causes the balanced valve V 
at the upper end of the 
spindle to open or close 
according to the variation in 
the low-pressure line. Iner- 
tia weights T and C prevent 
chattering. 

Figure 594 shows a sec- 
tion through a reducing valve of the spring- 
loaded diaphragm type suitable for high initial pressures. The move- 
ment of the valve is accomplished by the reduced pressure acting through 
port X. The diaphragm is resisted by spring S, the tension of which 
may be adjusted to suit. 



Fro. 593. Typical Re- 
ducing Valve. (Lover- 
loaded Diaphragm.) 



Fig. 594. Typical Re- 
ducing Valve. rSpring- 
loaded Diaphragm.) 
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Auxiliary valve A is held in contact with the diaphragm by auxiliary 
valve spring Sf and moves up and down freely with the diaphragm. As 
soon as auxiliary valve A is open, steam passes up around the auxiliary 
valve chamber through the set of holes shown under the valve seat, through 
the valve seat and out through the upper set of holes which communicate 
with port iV leading to the space around the lining, passing down around 
the same and under piston P. 

By raising piston P, main valve V is opened against the initial pres- 
sure, because the area of valve V is only one-half that of piston P; thus 
steam is admitted to the system. 

When pressure in the system has reached the required point (determined 
by spring 5), diaphragm D is forced upward by the reduced pressure, 
which passes up through port X to chamber 0 under the diaphragm, 
allowing valve A to close, thus shutting off steam from piston P. Main 
valve V is now forced to its seat by the initial pressure shutting off steam 
from the system and pushing piston P down to the bottom of its stroke. 
The steam beneath piston P exhausts freely around the piston (which is 
fitted loosely for this purpose) and passes off into the system. 

In practice the main valve does not open or close entirely with each 
slight variation of pressure, but assumes a position which furnishes just 
the amount of steam required to maintain the reduced pressure desired. 

Piston P is fitted with dashpot C, which prevents chattering or pounding. 

Reducing valves of the types described above for reducing very high- 
pressure high-temperature steam to 5-10 lb. gage in a single reduction 
are still in an experimental stage. Two reducing valves in series with an 
intermediate receiver for damping fluctuations have been used successfully 
in this connection. A pressure-reducing valve for high pressure and tem- 
peratures, consisting of a standard globe valve actuated by the Payne 
Dean Control, is described in detail in the 1923 Report, Part A, p. 40, 
of the Committee on Prime Movers, N.E.L.A. 

Reducing valves should always be by-passed to permit of repairs with- 
out shutting down the line. Care should be taken not to use too large a 
reducing valve, since the valve lift is very small and the larger the valve 
the less will be the lift for a given weight of flow and consequently the 
greater the wire drawing and erosion of the valve seat. 

PROBLEMS 

1. Determine the increase in length of a 10-in. 0. D. f-in. thick steel pipe when cold 
(60 deg. fahr.) and when conveying steam at 400 lb. per sq. in. gage, total temperature 
750 deg. fahr. Length of pipe 100 ft. 

2. A 12-in. double-offset expansion U-bend having a radius of 90 in. is to take up 
an expansion of 1 in. Required the maximum fibre stress in the bend. 
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8. A 10-in. 0. D. }-in thick, steel pipe quarter bend having a radius of 60 in. is 
fixed at one end and free at the other. What axial force at the free end is required to 
deflect it 1 in. in the direction of the force. 

4. Steam at 200 lb. abs. pressure is conducted through a bare standard 3-in. pipe, 
600 ft. long. If the temperature of the room is 80 deg. fahr. calculate the total heat 
loss per hour. 

6. If the pipe is covered with a single thickness of ‘ ^ 85 per cent Magnesia ” determine 
the saving in heat. 

6. Determine the conductivity of the covering in Problem 5, per inch of thickness. 

7. Determine the size of steam pipe suitable for a 10,000-kw. steam turbine using 
14 lb. steam per kw-hr., initial pressure 21.5 lb. ab back pressure 2 in. mercury, super- 
heat 125 deg. fahr., if the pipe is 150 feet long and the pressure drop is not to exceed 
2.0 lb. per sq. in. per 100 ft. 

8. Saturated steam at 125 lb. abs. initial pressure is flowing at the rate of 20,000 
lb. per hr. through a standard G-in. pipe, 2000 ft. long. Calculate the probable pressure 
drop. 

9. Determine the initial pressure necessary to deliver 400 gallons of water per 
minute through a 5-in. standard pipe 1500 ft. long, fitted with two right angle elbows 
and one globe valve. The water is to be discharged into an open tank. 

10. How many gallons of water will be discharged throurh a straight length of 
6-in. standard pipe 10,000 ft. long if the initial pressure is 100 lb. per sq. in., and what 
will be the pressure at the discharge end? 

11. Determine the number and size of safety valves for a 500-hp. boiler designed 
w) operate at a maximum load of 300 per cent above rating; boiler pressure 250 lb. abs. 



CHAPTER XVII 
LUBRICANTS AND LUBRICATION 

320. General. — The losses due to the friction of the working parts of 
machinery include considerably more than the mere loss of power; namely, 
the depreciation resulting from the wear of bearings, guides and other 
wearing parts, and the expense arising from accidents traceable to defec- 
tive lubrication. Perfect lubrication is one of the most essential require- 
ments for successful operation of a plant and particularly so in the case of 
the turbine and other high speed machinery. The solution of the various 
problems of lubrication involves not only a question of the lubricant, 
but also methods and points of application, rate of application, and circu- 
lation if the system is a continuous one, heat dissipation, storage, and 
preservation. Lubrication of the various elements in a reciprocating 
engine plant is comparatively simple compared with that in the modern 
turbine installation. The operation of the steam turbine depends on a 
forced-feed lubrication, under pressure and at a relatively high rate of 
speed. As the size of the unit increases, the requirements become more 
and more severe and of greater importance. High peripheral speed of 
shaft, high unit bearing pressure, small clearance, shifting of the point 
of nearest approach of journal and bearing due to load changes, com- 
pression, throttling and expansion of the oil, its heating and cooling, con- 
tamination with impurities in the system, are all important factors to be 
particularly considered in steam turbine lubrication and lubricating 
systems. The lubricants most conunonly met with in power plant prac- 
tice are conveniently classified as oils, greases, and solids, and are usually 
of mineral origin, though animal and vegetable oils are occasionally used 
for compounding or adulterating the mineral product. 

331. Oils. — Vegetable Oils, — Except for certain special purposes and 
for compounding with mineral oils, these possess lubricating properties 
of little practical value, since they decompose at comparatively low tem- 
peratures and have a tendency to become thick and gummy. The vege- 
table oils sometimes employed are linseed, cottonseed, rape, and castor. 

Animal Fats. — Many animal fats have greater lubricating power than . 
pure mineral oils of corresponding viscosity, but are objectionable on 
account of their unstable chemical composition. They decompose easily, 
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especially in the presence of heat, and set free acids which attack metals. 
They are seldom used in the pure state and are usually compounded with 
mineral oils. The animal products used m this connection are tallow, 
neat’s-foot oil, lard, sperm, wool grease, and fish oil, the first-named being 
the most important. In cylinder lubrication, especially in the presence 
of moisture, the addition of 2 to 5 per cent of acidless tallow seems to make 
the oil adhere better to the metal surfaces and increases the lubricating 
effect, while the proportion is so small that ill effects from corrosion or 
gumming are scarcely perceptible. 

Animal and Vegetable Oils: Power, Nov. 3, 1914, p. 636. 

Comjiounding of Lubricating Oils: Power, Apr. 4, 1922, p. 535. 

Lubrication and Luhricwtds: Power, Sept. 15, 1920, p. 875. 

Gerjn Process of Lubrication: Nat. Engr., July, 1920, p. 312. 

Mineral Lubricating Oils. — These are products of distillation of crude 
petroleum and form by far the greater part of all lubricants. They 
present a wider range of lubricating propeities than those derived from 
animal or vegetable sources, the thinnest being more fluitl than sperm 
and the thickest more viscous than fats and tallows. They are not easily 
oxidized, and they do not decomi)ose, become rancid, or contain acids. 

Crude Oils are grouped in three series: those of paraffin, asphaltic and 
cyclo-naphthene base. There is no sharp line of demarcation between 
these groups, since most crude oils found in all fields may contain mixtures 
in variable percentages of hydrocarbons belonging to all three series. 
Each individual hydrocarbon of any of these series has distinct physical 
properties, and when mixed with others the mixture frecjuently has prop- 
erties quite different from what might be expected of the several distinct 
hydrocarbons which it contains. The hydrocarbons are difficult to 
separate and when an attempt is made to separate one compound, other 
hydrocarbons, both lighter and heavier, also separate from the crude. 
Therefore, all connnercial mineral lubricants are mixtures of a number of 
hydrocarbons. While preference has always been given to lubricants of 
paraffin-crude origin, improvement in refining is placing many of the 
lubricants derived from asphaltic-crude oils in active competition with 
the fonner. 

32». Greases. — Under this name may be included the various com- 
pounds which consist of oils and fats thickened with sufficient soap to 
form, at ordinary temperatures, a more or less solid grease. Those 
usually employed are lime, soda, or lead soaps, made with various fats 
and oils. ‘‘ Engine greases are thickened with a soap made from tallow 
or lard oil and caustic soda, and often contain neat’s-foot oil, beeswax, 
and the like. For exceptionally heavy pressures, graphite, soapstone, 
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and mica are sometimes added to the grease. Table 102 gives an idea 
of the characteristics of a number of greases. {Prac, Engineer, U. S., 
Apr., 1911, p. 293.) The friction tests were made on a small Thurston 
oil-testing machine, 320 r.p.m. and bearing pressure of 240 lb. per sq. in. 
of projected area. These results are purely comparative under the given 
conditions of rubbing surfaces, speed and pressure. For results of these 
greases tested on a large Olsen oil machine, consult reference given above. 

TABLE 102 

LUBRICATING CHARACTERISTICS OP A NUMBER OP GREASES 


Type 

Class 

MeltiuK 
Point, 
Dog. Fahr. 

Per Cent 
Soap 

Kind of 
Soap 

Per Cent 
Free Acid 
as Oleic 

Average 

Coefficient 

Friction 

A Mineral 

Summer 

167 

38 

Lime 

Trace 

0.075 

B Mineral 

Summer 

178 

20 

Lime 

0.3 

0.054 

C Mineral 

Winter 

165 

23 

Lime 

6.1 

0.063 

D Mineral 

Winter 

163 

16 

Lime 

0 

HihihyB 

E Mineral 

Winter 

142 

19 

Lime 

Trace 

BiMiHsfl 

F Tallow No. 3.. 

Winter 

125 

1.4 

Potash 

0 

BiVS/Sfl 

G Tallow No, XX 

Summer 

120 

2.1 

Potash 

0 

0.029 

H Lard oil 


41 

0 



0.011 


Type 

Final Coeffi- 
cient Friction 
After 3-Hr. 
Run 

Maximum Temper- 
ature of Bearing 
Above that of 
Room, Degs. Fahr. 

Final Temperature of 
Bearing Above that of 
Room at End of 3-Hr. 
Run, Degs. Fahr. 

A Mineral 

0.075 

70 

68 

B Mineral 

0.050 

70 

58 

C Mineral 

0.063 

76 

65 

D Mineral 

0.054 

69 

58 

E Mineral 

0.046 

58 

50 

F Tallow No. 3 

0.012 

38 

18 

G Tallow No. XX 

0.018 

45 

32 

H Lard oil 

0.010 

13 

12 


The following specifications cover the grade of cup grease used by the 
U. S. Government for the lubrication of such parts of motor equipment 
and other machinery as are lubricated by means of compression cups: 

'^The grease shall be a well-manufactured product, composed of a calcium soap made 
from high-grade animal or vegetable oils or fatty acids, and a highly refined mineral oil. 

The mineral oil used in reducing the soaps shall be a straight well-refined mineral oil 
with a Saybolt viscosity at 100 deg. fahr. of not less than 100 seconds. 

Properties and Tests 

Soap content, — The content of soap for the several grades shall be as follows: 

(a) No. i cup grease shall contain approximately 13 per cent of calcium soap. 

No. 1 cup grease shall contain approximately 14 per cent of calcium soap. 
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(c) No. 3 cup grease shall contain approximately 18 per cent of calcium soap. 

(d) No. 5 cup grease shall contain approximately 24 per cent of calcium soap. 

Consistence, — These greases shall be similar in consistence to the approved trade 

standards for No. J, No. 1, No. 3, and No. 5 grease. 

Moisture. — The grease shall be a boiled grease, containing not less than 1 nor more 
than 3 per cent of water when finished. 

Corrosion. — A clean copper plate shall not be discolored when submerged in the 
grease for 24 hours at room temperature. 

Ash. — The ash content shall be as follows: 

No. J grease: The ash shall not be greater than 1.7 per cent. 

No. 1 grease: The ash shall not be greater than 1.8 per cent. 

No. 3 grease: The ash shall not be greater than 2.3 per cent. 

No. 5 grease: The ash shall not be greater than 3.5 per cent. 

Fillers. — The grease shall contain no fillers such as resin, resinous oils, soapstone, 
wax, talc, powdered mica or graphite, sulphur, clay, asbestos, or any other filler. 

An tests shall be made according to the methods for testing lubricants adopted by 
the Committee on Standardization of Petroleum Specifications.^^ 

Government Specification for Greases: Tech. Paper 323, Bureau of Mines, 1922. 

Commercial Lubricating Greases: Prac. Engineer, U. S., Apr., 1911, p. 293; Tests of 
Grease Lubrication: Ibid., p. 295. 

328. Solid Lubricants. — Dry graphite, soapstone, and mica are some- 
times used as lubricants, though they are usually mixed with grease or 
oils. They cannot easily be squeezed or scraped from between the sur- 
faces, and are consequently suitable where very great weights have to be 
carried on small areas and when the speed of nibbing is not high. The 
coefficient of friction of such lubricants is high, and, when economy of 



power is essential, better results may be secured by the use of liberally 
proportioned rubbing surfaces and liquid lubricants. Under certain con- 
ditions of pressure and speed, these lubricants will sustain, without injury 
to the surfaces, pressures imder which no liquid would work. 

Deflocculated graphite suspended in oil or water, and designated com- 
mercially as oildag and aquadag respectively, is finding favor with 





784 


STEAM POWER PLANT ENGINEERING 


many engineers. Graphite in this deflocculated condition remains sus- 
pended indefinitely in water and oil, readily adheres to the journal, has 
great wearing properties, and is easily applied to the wearing surfaces. 
From numerous and long-continued trials it appears that 0.35 per cent 
serves adequately for all purposes. Temperature curves of deflocculated 
graphite in combination with various carrying fluids are given in Fig. 
695. 

Lubrication with Colloidal Graphite: by C. F. Mabery, Jour. Indus, and Engrg. 
Chemistry, Vol. 5, No. 9, Sept., 1913. 

394. Qualifications of Good Lubricants. — A good lubricant should 
possess the following qualities: 

(1) Sufficient body ” to prevent the surfaces from coming into con- 
tact under conditions of maximum pressure. 

(2) Capacity for absorbing and carrying away heat. 

(3) Low coefficient of friction. 

(4) Maximum fluidity consistent with the body required. 

(5) Freedom from any tendency to oxidize or gum. 

(6) A high flash point ” or temperature of vaporization and a low 
congealing or freezing point.^^ 

(7) Freedom from corrosive acids of either metallic or animal origin. 

395. Testing Lubricating Oils. — There is no question but that the 
lubricant best suited for a given set of conditions can only be determined 
by an actual practical test under service conditions. Each plant is an 
individual problem, since certain grades and qualities of oil which work 
perfectly in some cases have proved entirely unsatisfactory in others 
where the conditions appeared to be exactly the same. Nevertheless, 
in order to avoid needless experiment and to limit the number of accept- 
able lubricants to a minimum, it is desirable to know certain character- 
istics which will indicate whether or not the particular lubricant under 
consideration is unfitted for the desired service. The small consumer 
must depend upon the reputation of the concern from which he is buying 
for reliable data pertaining to the qualifications of their products, since 
the cost of conducting a series of preliminary or identification tests is 
out of all proportion to the actual cost of the lubricant. The large con- 
sumer, on the other hand, may find it to be worth while to conduct an 
elaborate series of tests before drawing up contracts for the oil supply. 

All tests should be conducted in accordance with accepted standards, 
but unfortunately there is no single standard. For general purposes 
preference should be given to the standards advocated by the American 
Society of Testing Materials issued triennially by the Society. U. S. 
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Government specifications must necessarily be followed for lubricants 
intended for all agencies of the Government. 

Report of Committee on Standardization of Petroleum Specifications: Bureau of Mines, 
Bui. No. 5, 1921. 

Specifications for Petroleum Products: Bureau of Mines, Tech. Paper 323, 1922. 

The complete test of an oil consists of three parts: Chemical, physical, 
and practical. 

326. Chemical Tests of Lubricating Oils. — In a general sense the great 
majority of specifications require that all oils should be neutral in reaction 
and should not show the presence of moisture, matter insoluble in petro- 
leum ether (hard asphalt), matter insoluble in ether alcohol (soft asphalt), 
free sulphur, charring or wax-like constituents, naphthenic acids, sul- 
phonated oils, soap, resin or tarry constituents, the presence of which 
indicates adulteration, or lack of proper refining. Except in compound 
lubricants no traces of fixed oils (animal or vegetable fats) should be found. 

Approved fixed oils, such as rapeseed, olive, tallow, lard, and neat’s-foot 
oil, may be used with lubricating oil for main engines without forced lubri- 
cation. When the foregoing fixed oils are used, they must be well refined 
with alkalies, unadulterated, containing a minimum of free fatty acids, 
with no moisture or gumming constituents. Olive oil should not have 
a high specific gravity. If satisfactory emulsifying results can be ob- 
tained with straight mineral oils on engines without forced lubrication, 
they may be submitted for service test. 

The most satisfactory procedure is to have the various tests made by 
a competent chemist; but since a number of plants are provided with 
the necessary equipment, the tests which are conducted by a large central 
station (and which are representative of current commercial practice) will 
be described in a general way. 

Sulphur, — Boil about 50 cc. of oil with a piece of bright metallic 
sodium for half an hour; add water, heat and stir until the sodium is 
dissolved; pour off the water and test the remainder with a fresh 1 per 
cent solution of sodium nitroprusside. If the mixture turns violet color, 
the oil contains sulphur. When sulphur is found, the following test for 
sulphonated oils is made. 


Sulphur Test 

Approximately 1 gram of oil is weighed into the calorimeter cup and 
placed in the bomb, which contains 20 cc. of distilled water. The purpose 
of the water is to absorb the sulphur trioxide formed from the oxidation 
of the sulphur, converting it to sulphuric acid. The ignition wire is 
attached to the terminals of the bomb, the center of the wire dipping 
into the oil. Fine platinum wire should be used for this purpose. The 
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bomb is then closed and oxygen introduced up to a pressure of 400,1b. 
per sq. in. When this pressure is obtained the valve of the bomb is closed 
and the charge is ignited. From 10 to 15 minutes is allowed to elapse 
for the complete combustion of the oil. The gas in the bomb, after 
complete combustion has taken place, is allowed to escape slowly. 

When the gas in the bomb has been reduced to atmospheric pressure, 
the bomb is opened and the inside rinsed with distilled water, the Wash- 
ings being collected in a beaker. The solution is then made alkaline, 
either with ammonium hydroxide or sodium carbonate solution, and 
heated to completely precipitate any heavy metals, and then is filtered. 
The filtrate is then acidified with hydrochloric acid, heated to boiling, 
and barium chloride is added drop by drop until an excess of the pre- 
cipitant is present. The solution is then allowed to stand for two hours 
on the hot plate to obtain complete precipitation of the barium sulphate. 
The precipitate is then filtered, washed, dried, ignited, and weighed as 
barium sulphate. 

Acidity. — (A.S.T.M. D47~18.) Accurately weigh 10 g. of the oil into 
a flask, add 50 cc. of 95 per cent alcohol which has been neutralized with 
weak caustic soda, and heat to the boiling point. Agitate the flask 
thoroughly in order to dissolve the free fatty acids as completely as pos- 
sible. Titrate while hot with aqueous tenth-normal alkali, free from 
carbonate, using phenolphthalein, alkali blue, or turmeric as an indicator, 
agitating thoroughly after each addition of alkali. 

To express results as percentage of oleic acid, use the following equa- 
tion: 1 cc. of tenth-normal alkali = 0.0282 gram of oleic acid. Alkali, 
1 cc. of which is equivalent to 0.5 per cent of oleic acid, may be used. 

Saponification. — (A.S.T.M. D94-21T.) Weigh 10 g. of oil into a 
350-cc. Erlenmeyer flask. Add from a pipette 50 cc. of the alcoholic 
potassium hydroxide solution followed by 25 cc. of the purified benzene 
(CeHe). Connect with a condenser loop. Boil on steam bath or electric 
hot plate for 90 minutes, shaking occasionally. Remove and add 25 cc. 
of neutral gasoline, and titrate with the half-normal hydrochloric acid 
solution after adding 2 or 3 drops of the phenolphthalein indicator solution 
until the pink color is destroyed. The absence of the pink color may be 
determined after the titration has begun by allowing the solution to stand 
at rest approximately a minute and noting the color of the lower zone. 
Run two blanks with the same mixture of alcoholic potassium hydroxide 
solution and purified benzene. From the difference between the number 
of cubic centimeters of half-normal acid required for the blanks and for 
the determination, the percentage of fatty oil may be calculated as follows: 

No. of cc. Ny2 acid used X .02805 X 100 
•195 X weight of oil taken 


per cent of fatty oil. 
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To Detect Fixed Oils. — Heat 10 cc. of oil with a small piece of metallic 
sodium. If the mixture becomes gelatinized or a semi-solid, it indicates 
the presence of fixed oils. If an equal volume of oil is heated alone to 
the same temperature, the viscosity of the ^wo samples can be compared; 
if the oil contains fixed oils (animal or vegetable oils), the sample with 
sodium will be much heavier than the sample heated alone. 

Effect of Heat. — Heat 5 cc. of oil in test tube over flame until vapors 
are evolved, and compare the color of the heated oil with that of unheated 
oils. If the heated oil turns black, it shows the presence of undesirable 
carbon or hydrocarbons. 

Carbon Residue. — (A.S.T.M. D47-21.) The tests shall be conducted 
as follows: Ten grams of the oil to be tested are weighed in the porcelain 
crucible a which is placed in the Skidmore crucible h, and these two cruci- 
bles set in the larger iron crucible c, care being taken to have the Skidmore 
crucible set in the center of the iron crucible, covers being applied to the 
Skidmore and iron crucibles. Place on triangle and suitable stand with 
asbestos block, and cover with sheet-iron or asbestos hood in order to 
distribute the heat uniformly during the process. 

Heat from a Bunsen burner or other burner is applied with a high 
flame surrounding the large crucible c until vapors from the oil start to 
ignite over the crucible, when the heat is slowed down so that the vapor 
(flame) will come off at a uniform rate. The flame from the ignited 
vapors should not extend over 2 in. above the sheet-iron hood. After 
the vapor ceases to come off, the heat is increased as at the start and 
kept so for five minutes, making the lower part of the large crucible red 
hot, after which the apparatus is allowed to cool somewhat before the 
crucible is uncovered. The porcelain crucible is removed, cooled in a 
desiccator, and weighed. 

The entire process should require one-half hour to complete when heat 
is properly regulated. The time will depend somewhat upon the kind of 
oil tested, as a very thin, rather low flash-point oil will not take as long as 
a heavy, thick, high flash-point oil. 

Corrosion Test. — A clean strip of pure copper about 1/2 in. wide 
and 2 in. long is heated to redness in a Bunsen flame, and while red hot 
is dropped into alcohol. The strip is then allowed to dry as quickly as 
possible in the air and dropped into a sample of the oil contained in a 
test tube. About half the length of the copper strip should be submerged. 
The test tube is then closed with a stopper and left to stand for twenty- 
four hours. At the end of this time, the copper strip is removed and 
washed clean with proper solvents. It is then compared with a similar 
strip freshly cleaned as previously described. No discoloration of the test 
strip should be shown by this comparison. See A.S.T.M.,1921, p. 701. 
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Readim Test — Place 50 cc. of the sample and 15 cc. of distilled water 
in a 150 cc. flask. Warm to 150 deg. fahr. and shake thoroughly. Allow 
the mixture to cool and transfer 5 cc. of the aqueous layer to each of two 
test tubes, by means of a pipette. Add 1 drop of 1 per cent solution of 
methyl orange to the contents of one tube, and 1 drop of 1 per cent solu- 
tion of phenolphthalein to the other. No red or pink color should result 
in either case. 

327. Physical Tests of Lubricating Oils. — The physical characteristics 
usually involve (1) color; (2) odor; (3) specific gravity; (4) flash point; 
(5) fire point; (6) cold point; (7) viscosity; (8) emulsion; (9) evapora- 
tion; and (10) friction. The following tests, unless otherwise indicated, 
refer specifically to the requirements of the Navy Department which, as 
previously stated, are representative of current commercial practice. 

Color. — The color, although having no influence on the lubricating 
value, may be used to identify the sample. American oils fluoresce with 
a grass-green color; Russian oils have a blue sheen; oils containing dis- 
tillation residues and unfiltered oils are brown to green-black in reflected 
light. Nearly all mineral machinery oils are distilled and filtered to some 
extent and are transparent in a test tube, the colors ranging from a yellow- 
ish white to a blood red. The color may be determined in a tinctometer 
by comparing with different-colored glasses or lenses. These glasses are 
numbered, and for machinery oil extend from No. 1 (white) to No. 6 
(red). Consult Tech. Paper 323, Bureau of Mines, 1922, p. 31. 

Odor. — The odor may be determined by heating in a test tube or by 
rubbing on the hand, by which means fatty oils, coal tar, rosin oils, etc., 
may be detected. 

Specific Gravity. — The specific gravity may be determined by the use 
of the Westphal balance, hydrometer, or pyknometer,” this term signi- 
fying any vessel in which an accurately measured volume of liquid can 
be weighed. When using the pyknometer, the bottle is first filled with 
distilled water at a temperature of 60 deg. fahr., and the weight of the 
water detennined. The bottle is then filled with oil at a temperature of 
60 deg. fahr. and the weight of the oil determined. The weight of the oil 
divided by the weight of the water gives the specific gravity at 60 deg. 
fahr. The Baum6 gravity is obtained by using the Baum6 hydrometer, 
which is simply an ordinary hydrometer with a certain arbitrary scale. 
Baum6 gravity may be converted into specific gravity by the following 
formula for liquids lighter than water: 

Sp. gr. = 140 (130 + Bmm6). (281) 

For Deg. A.P.I. (American Petroleum Institute) : 

Sp. gr. = 141.5 -5- (131.5 + A.P.I.). 
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The specific gravity does not affect the lubricating value of an oil, but 
it indicates to the experienced oil man the locality from which the crude 
oil is obtained. For instance, a Baum6 gravity of 32 corresponds to a 
specific gravity of 0.864, and a Baum6 gravity of 18.1 to a specific gravity 
of 0.945, so that an increase in specific gravity is a decrease in Baum6 
gravity. The paraffin-base oils of Pennsylvania derivation have an 
average specific gravity of 0.875 with a corresponding Baum6 gravity of 
30. The asphaltic-base oils from Texas and California have an average 
specific gravity of 0.930 with a corresponding Baum6 gravity of 20. 

Flash Point. — (A.S.T.M. D93-22.) The flash point is determined 
with both the Cleveland open cup and the Pensky-Martin closed cup. 
The flash point of all oils is determined as a measure of their volatility. 
The flash point of steam-cylinder oils is of primary importance, the re- 
quired flash point depending on the temperature of the steam at the 
engine. With lubricating oils for bearings, the flash point is important 
only in that it indicates the volatility of the oils and the presence of kero- 
sene or naphtha fractions, with the accompanying fire risks. In the case 
of very low flash-point lubricating oils, it is desirable to run a special 
distillation or volatility test, mentioned under chemical tests. The flash 
point determined with the open cup is higher than with the closed cup, 
as the inflammable gases on the surface of the oil are disturbed by the air 
currents in the open cup. These differences range from 5 deg. to 40 
deg., with the average at 20 deg. The presence of very light ends (kero- 
sene, naphtha, etc.) may increase this difference to 100 deg. 


TABLE 103 

SPECIFIC GRAVITY AND BAUM^ GRAVITY OP A NUMBER OF LUBRICANTS 


Specihc Gravity Flash Test 

Gravity Baumo Deg. Fahr. 


Water 1.000 10 

Cylinder oil 9090 24 . 5 575 

Cylinder oil. .8974 26 540 


Heavy engine oil 9032 25 5 411 

i _il t\r\c\i\ oor. 


Medium engine oil 9090 24 382 

Light engine oil 8917 27 342 

Castor machine oil 8919 27 324 

Lard oil 9175 23 505 

Sperm oil .8815 29 478 

Tallow oil 9080 24.5 540 

Cottonseed oil .9210 22 518 

Linseed oil .9299 19 505 

Castor oil (pure) 9639 15 

Palm oil .9046 25 405 

Rape-seed oil .9155 23 

Spindle oil .8588 33 312 
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Fire Paint. — This is the temperature at which the oil bums, and is 
determined by raising the temperature about 3 deg. a min., applying 
the flame for about a second. The fire, or burning, point is from 30 deg. 
to 65 deg. higher than the flash point with all lubricating oils, the light 
oils, having a difference of about 40 deg. 

Cloud and Pour. — Mineral oils become more viscous on cooling, and 
finally solidify. In lubricating oils refined from paraffin-base crudes, 
cooling first causes the paraffin particles to solidify, which gives the oil a 
cloudy appearance; with this class of oils this change is known as the 
cloud point. The A.S.T.M. instructions are as follows: Take a bottle 
about 1 1/4 in. inside diameter and 4 to 5 in. high, and pour in oil to a 
height of 1 1/4 in. from the bottom. Insert a cold-test thermometer 
(especially made, using colored alcohol, and with a long bulb) through a 
tight-fitting cork. A special jacket is used, having an inside diameter 
about 1/2 in. larger than the bottle. Ice or any other cooling medium 
is packed around this jacket. When the oil is near the expected cloud 
point, at every 2 deg. drop in temperature remove the bottle and inspect 
the oil, being careful not to disturb the oil. When the lower half be- 
comes opaque, read the thermometer; this reading is taken as the cloud 
point. The cold, or pour, test is simply a continuation of the cloud test, 
except that the temperature is noted every 5 deg. and the bottle tilted 
till the oil flows. When the oil becomes solid and will not flow, the pre- 
vious 5-deg. point is taken as the cold point of the oil. 

Cold Point. — The object of this test is to determine the lowest tem- 
perature at which oil will flow from one end of a container to the other. 
In case it should become frozen the resulting solid oil is stirred till it 
has assumed a sufficiently pasty consistency to flow. The test is con- 
ducted by freezing an ounce of the oil solid in an ordinary 4-oz. oil-sample 
bottle, using a freezing mixture if necessary. The frozen oil is thoroughly 
stirred with a thermometer until the mass will run from one end of the 
bottle to the other, and at this moment the temperature as indicated is 
recorded. 

Emulsion Tests. — The oil and water to be emulsified are contained 
in an ordinary commercial 100-cc. graduated cylinder, 1 1/16 to 1 2/16 
in. inside diameter. An oil or water bath is provided for maintaining 
the contents of the cylinder at a temperature of 130 deg. fahr., except 
when a different temperature is specified, both during the stirring and 
during the subsequent settling out of the oil from the emulsion. The 
paddle used in stirring is a copper plate 4 3/4 in. long, between 3/4 and 
7/8 in. wide and 1/16 in. thick. Means are provided for revolving this 
paddle about a vertical axis parallel to and midway between its two 
longer edges and for keeping the speed fairly constant at 1500 r.p.m« 
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Some form of holder for the cylinders is a convenience but not a necessity, 
since on accoimt of the ample clearance between paddle and cylinder 
and the fact that a sample is stirred for only five minutes, a cylinder may 
be held by hand during the stirring. A stop should be provided so that 
when the paddle is lowered into the cylinder (or bath raised) the distance 
from the bottom of the paddle to the bottom of the cylinder will be about 
1/4 in. To save time that would otherwise be lost in waiting for the 
filled cylinders to come to the temperature of the bath, it is desirable that 
the bath should be large enough to contain several cylinders. 

Forty cc. of the emulsifying liquid is placed in a clean 100-cc. graduated 
cylinder, and 40 cc. of the oil to be tested is added. The cylinder is then 
placed in the bath, and when the contents have reached the temperature 
required for the test they are stirred by the paddle for five minutes. The 
paddle is stopped, withdrawn from the cylinder, and wiped clean. The 
cylinder is then allowed to stand for the specified time and is then inspected. 

Emvlsification of Mineral Lubricating Otis: Power, Oct. 29, 1918, p. 649. 

Demulsibility Test. — Pour 27 cc. of the oil to be tested and 53 cc. of 
distilled water into a cylinder, place cylinder in bath and heat to 130 
deg. fahr. Submerge the paddle and run it for five minutes at a speed 
of 1500 r.p.m. Stop the paddle, withdraw it from the cylinder, and use 
the finger to wipe off the emulsion clinging to the paddle and to return it to 
the cylinder. Wipe off the paddle with paper so that it will not contami- 
nate the next sample. Keep the temperature of the cylinder constant at 
130 deg. fahr. and take readings every minute of the position of the line 
of demarcation between the topmost layer of oil and the adjoining emul- 
sion. The first reading is taken one minute after stopping the paddle. 
With oils which act normally, the rate of settling out of the oil increases 
up to a maximum and then decreases, and the maximum value in cc. 
per hour is called the demulsibility ” and is recorded as the numerical 
result of the test. Each rate of settling is the average rate calculated 
from the time of stopping the paddle to the time of reading, as shown 
in the following condensed table: 


Time 

Time since Stop- 
ping Paddle, 
Mins. 

Reading at Inter- 
face Between Oil 
and Emulsion 

Oil Settled Out, 
cc. 

Rate of Settling, 
cc. per Hr. 

9.50..’ 

0 

80 

0 

0 

9.55 

5 

77 

3 

36 

10.02 

12 

67 

13 

65 

10.05 

15 

63 

17 

68 

10.10 

20 

61 

19 

57 
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The demulsibility in this case would be 68, the highest value in the 
last column. In cases where the maximiun rate of settling has not been 
reached at the end of one hour, the test is discontinued and the demulsi- 
bility taken as the number of cc. that settled out in the hour. 

Precipitation Test. — Five cc. of the oil is mixed with 95 cc. of petroleum 
ether in a tall, stoppered, graduated cylinder, and allowed to stand. The 
petroleum ether must be freshly redistilled and the portion boiling above 
150 deg. fahr. discarded. It must not show perceptible solubility in 
concentrated sulphuric acid. 

Viscosity. — Experimental evidence indicates that under conditions 
experienced between flat lubricated surfaces the oil flows in parallel 
layers much like a pack of playing cards sliding over each other, the 
outer layers adhering to the surfaces and not sliding with respect to 
them. The resistance of these layers to sliding past each other is due 
primarily to fluid friction or so-called absolute viscosity and is defined 
as the force in dynes necessary to move each sq. cm. of metal surface at a 
velocity of 1 cm. per sec., if the distance between the surfaces is 1 cm. 
According to the generally accepted theory of lubrication, when a perfect 
oil film exists between moving surfaces, so that they do not touch, the 
bearing friction is due solely to the absolute viscosity of the lubricant. 
That this is not strictly true is evidenced by the experiments conducted 
by Dr. Stanton, in which the addition of 1 per cent of oleic acid to Bayonne 
oil, an amount insufficient to produce a noticeable effect on the absolute 
viscosity, reduced the coefficient of friction in a bearing by no less than 
17 per cent. Absolute viscosity, nevertheless, is one of the more impor- 
tant characteristics of a lubricant, but unfortunately it is difficult to 
measure directly. The time, however, which is required for a given 
mass of liquid to gravitate through an orifice is a function of the absolute 
viscosity, so that it is only necessary to determine this time factor for 
comparison of relative absolute viscosities. The Saybolt Universal vis- 
cosimeter conforming to the dimensions specified by the U. S. Bureau of 
Standards is the recognized standard in this country. (See A.S.T.M. 
Standards, 1920, p. 703, for detailed description.) Saybolt viscosities are 
expressed as the number of seconds required for 60 cc. of fluid to pass 
through the orifice at a specified temperature. The temperatures usually 
employed are 100 and 130 deg. fahr. for non-viscous oUs and 210 deg. 
fahr. for thick or viscous oils. Since the only force available for driving 
the fluid through the tube is gravity, and the force holding the lubricant 
back in the cup is its internal resistance or viscosity, it is apparent that 
the time required for a given quantity to flow through the orifice will be 
dependent upon both the absolute viscosity and the density of the fluid. 
The Saybolt viscosimeter, therefore measures a unit equivalent to the 
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absolute viscosity divided by density, which is called the kinematic vis- 
cosity, and which, for the standard dimensions specified by the U. S. 
Bureau of Standards,^ may be expressed 

K = vld=^ 0 . 0022 1 - m/t ( 282 ) 


TABLE 104 

PHYSICAL CHARACTERISTICS OF A NITMBER OF LUBRICANTS 









Viscosity at 

Kind of Oil 

Application 

Grav- 

Flash 

Fire 

Poui 




ity 

100 

210 

Compound 






Superheat valve oil 

For steam cylinders using 

22i-2.5i 

525 

585' 

30 


150 

0to5% 


superheated steam at pres- 
suies aliove 150 lb. 

1 

5!)0 

650 

60 


100 


High-pressure cylinder 

For steam cylinders using 

22J-26 

510 

570 

30 


140 

3 to 6% 

oil. 

saturated steam pressures 
140 to 175 lb. 


575 

615 

60 


160 


General cylinder oil 

For steam cylinders using 

23-26i 

470 

545 

30 


120 

4 to 8% 


medium pres.sures saturated 
stoain 100 to I.S5 Ib. 


540 

600 

50 


140 


Low-pressure cylinder 

For steam cylinders under 

23-27 

460 

540 

30 


95 

2 to 10% 

oil 

pressures below 110 Ib.; 
steam usually wet 


540 

600 

60 


125 


Engine oil 

For external use on engines 

19i-28 

315 

350 

0- 

150 




in drip cups or circulating 
systems 


■ 

460 

30 




Ice-machine oil 

For ammonia cylinders of re- 



ig 

20 





frigerating machines 



42.i 

0 

150 



Gas-engine oil 

For heavy gas engine and so 


360 

400 

5 

4.50 

50 



called semi-Diesel oil en- 
gines 


450 

500 

35 


75 


Diesel-engine oil 

For cylinders of Diesel engines 

20-27 

360 

400 

5 


55 





500 

540 

35 


120 

’ 

Heavy journal oil 

For heavy, slow-moving parts 

18-25 

320 

360 


500 




on dredging and like ma- 
chinery 



400 


2000 



Automobile-engine oils 

Cylinders of automobiles 



335 



40 

Range of all 





525 



120 

grades L to 
XX heavy 

Marine-engine oils 

External parts of marine en- 


325 




So 

5-15% 


gines 


420 



900 

80 

Blown 

Hapeseed 

Cutting oil 

Cutting and cooling 

19-28 

315 

350 

0-30 

125 

1 

5% to 4% 




H 

m 


300 


Lard Oil 


^ Tech. Paper, No. 112, 1919. 














794 


STEAM POWER PLANT ENGINEERING 


in which 

K = kinematic viscosity, centipoises (the viscosity of water at 68.4 
deg. fahr. is 1 centipoise), 
t = Saybolt time, in seconds, 

V = absolute viscosity, 
d = specific gravity. 

Absolute viscosities are used in making any calculation on frictional 
resistances, and Saybolt viscosities in comparing the physical properties 
of lubricants. 
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Temperature, Degrees Fahrenheit 


Fig. 596. Influence of Time on Viscosities of a Number of Lubricants. 


The influence of temperature on the kinematic viscosity and the corre- 
sponding Saybolt time, for a number of lubricants, is shown in Fig. 596. 

Other makes of viscosimeters which are frequently used in determining 
viscosities are the Redwood of Great Britain, the Engler of Germany, and 
the Barbey of France. For comparisons of the readings of the various 
types of viscosimeters, see Bureau of Standards, Tech. Paper 112, 1919, 
p. 21. The curves in Fig. 597 are of interest in showing the relation 
between absolute viscosities and viscosities as determined from the Say- 
bolt, Redwood, Engler, and Barbey viscosimeters. It will be seen from 
the curves that the viscosity varies considerably with the temperature; 
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therefore, the engineer should determine the operating temperature as 
accurately as possible, and then select the lubricant that will have the 
correct viscosity at that temperature. 

Standardization of the Sayholt Universal Viscosimeter: Bureau of Standards, Tech. 
Paper No. 112, 1919. 

The Sayholt Viscosimeter: Power, March 7, 1922, p. 376. 

How Variation of Temperature Affects Viscosity of Lubricating OUs: Power, March 
14, 1922, p. 420. 

Viscosity: Lubrication (Texas Co.), Vol. 6, No. 6, July, 1920. 


Kinematic Viacoaity* Absolute ViacoSity-r Specific Gravity 



Friction Tests, — The coefficient of friction, as determined from friction- 
testing machines, is useful in obtaining a compariso.n of oils under the test 
conditions, but gives little information concerning the action of the oil 
under the widely different conditions found in actual practice. 

Table 104 gives the physical properties of a number of lubricating oils, 
with their particular fields of application. 

Service Tests, — These tests are the real proof of the commercial value 
of the lubricant for a given service. The lubricants are tested under 
actual operating conditions, and the one that gives the best overall economy 
is selected, such factors as first cost, quantity used, effect on the rubbing 


796 


STEAM POWER PLANT ENGINEERING 


surfaces, maintenance and attendance being taken into consideration. 
After these tests have determined the particular grade of lubricant which 
gives the best returns, the tests previously mentioned are made, and the 
results are incorporated in the specifications so as to insure delivery of 
that particular grade of lubricant. Large consumers frequently employ 
the services of an experienced lubricating engineer under the supervision 
of the plant engineer or millwright, for determining the most suitable 
lubricant for the different classes of machinery. 

A Graphical Study of Journal Lubrication: Mech. Engrg., Feb., 1924, p 77. 

328. Steam Engine Lubrication — Atmospheric. — In a general sense 
all journals, slides, and atmospheric ” surfaces should be lubricated 
with straight mineral oils and greases similar to those specified in Tables 
101-103. Bearings, guides, and all external rubbing surfaces requiring 
oils may be lubricated in a munber of ways: (1) they may be given an 
intermittent application of oil, as, for example, with an oil can; (2) they 
may be equipped with oil cups with restricted rates of feed; and (3) they 
may be flooded with oil. The relative lubricating values of the systems 
have been estimated approximately as follows: 



Coefficient of Friction 

Comparative Value 

Intermittent 

0.01 and greater 

72 and less 

Restricted feed 

0 01 to 0.012 

79 to 86 

Flooded bearing 

0.00109 

100 


Intermittent Feed, — Intermittent applications are ordinarily limited 
to small journals, pins, and guides which are subject to light pressures 
and which do not easily permit of oil or grease cups, as, for example, 
parts of the valve gear of a Corliss engine, governors, and link work. 
On account of the labor attached and the frequent doubt about the oil 
reaching the wearing surfaces, this method of lubrication is limited as 
much as possible even in the smallest plants. 

Restricted Feed, — In the average power plant the major part of the 
lubrication is effected by means of oil cups which are filled at intervals 
by hand or by mechanical means, the oil being fed from the cup by drops, 
according to the requirements. 

Oil Bath, — In large power plants the principal journals and wearing 
parts are supplied with a continuous flow of oil which completely “ floods 
the rubbing surfaces The oil is forced to the various parts either by 
gravity from an elevated tank or by pressure from a pump. After the 
oil leaves the bearings, it flows into collecting pans, thence into a receiving 
and filtering tank, and finally is pumped back into an elevated reservoir 
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and used over and over again. The little lost by leakage and depreciation 
is replenished by the addition of new oil to the system. 

Oil Cups. — Figure 598 illustrates the application of sight-feed oil cups 
to the crosshead and slides of a reciprocatiiig engine. The oil is fed into 
the cups by hand and gravitates to the rubbing surfaces, the rate of 
flow being regulated by a needle valve. Clups A and B feed directly to 
the crosshead guides, but the oil from cup D flows to the bottom orifice 
0, from which it is wiped by a metallic wick S, and carried by gravity 
to the wrist pin. 



I’m. 598. Oil-cup Lubricator, Ilancl-filled. 599. Typical Telescopic Oiler. 

Telescope Oiler. — Figure 599 shows the appliciition of a telescopic 
oiler to a crosshead and guides. 0 and C are sight-feed oil cups, the 
former feeding directly to the top guide through the tube The oil from 
C flows by gravity through the swing joint into the telescopic tubes P, 
Rf and thence to the pin through the lower swing 
joint as indicated. As the crosshead moves back 
and forth, the pipe P slides into and out of 
pipe Rj the oil being thus conducted directly to 
the pin without wasting. A device of this type 
installed on a high-speed automatic engine at 
the Armour Institute of Technology has been 
in operation for five years without cost for repair 
or renewal. 

Ring Oiler. — Small high-speed engines are 
often oiled by the oil-ring system, as illustrated 
in Fig. 600. The shaft is encircled by several 
loose rings which dip into a bath of oil in the case of the pedestal or 
frame and, rolling on the shaft as it turns, carry oil to the top of the 
shaft where it spreads to the bearings. In some cases the rings are 
replaced by loops of chain. 

Riitg Lubrication: Power, May 2, 1922, p. 687 ; Jan. 9, 1917, p. 42. 
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Centrifugal Oiler. — Figure 601 illustrates the application of a centrif- 
ugal oiler to a side-crank engine. The oil supply is regulated by the 
sight-feed cup C and flows by gravity to the pipe P in line with the center 
of the crank shaft. Centrifugal force throws the oil outward through 
pipe B to the center of the pin D, which is drilled longitudinally and 
radially so as to distribute the oil upon the bearing surface. 



Fig. 601. Centrifugal Oiler. 


Fig. 602. Pendulum Oiler. 


Pendulum Oiler. — Figure 602 illustrates the application of a pendulum 
oiler to the crank pin of a center-crank engine. Oil cups and pendulum 
P are fastened to the crank shaft S by trunnion T. The pendulum holds 
the cup vertical, since the friction of the trunnion is not sufficient to 
revolve it. Oil flows along the center of the crank shaft under the head 
of oil in cup 0 and is thrown outward to bearing B by centrifugal force. 

Splash Oiling. — In most high-speed engines, the crank, connecting 
rod, and crossheads are enclosed by a casing, the bottom of which is 
filled with oil to such a depth that, at each revolution of the crank, the 
end of the connecting rod is partly submerged. The result is that the 
oil is splashed into every part of the chamber, and the crank pin, cross- 
head pins and crosshead slides practically run in an oil bath. 

329 . Steam Engine Lubrication — Internal. — All rubbing surfaces 
which come in contact with the steam must necessarily be lubricated, 
but it is far more dfficult to ascertain whether or not a steam cylinder 
is efficiently and economically lubricated than to determine the same 
condition with bearings, because the inside surface of the cylinder cannot 
be felt while the engine is running. Wear in a cylinder cannot usually 
be detected except on examination whgn the cylinder head is removed. 
As cylinders and valves cannot be examined every day there is a tendency 
to use an excess of oil. 

There are two methods of applying internal lubrication (1) the direct 
system, and (2) the atomization system. In the former, the lubrication 
is applied to each of the separate surfaces, while, in the latter, it is injected 
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into the steam so that the latter acts as a carrier. In either of these 
systems, the oil may be fed to the desired point by hydrostatic or by 
mechanically operated lubricators. 

Hydrostatic Lubricators, — The earliest method 
of cylinder lubrication, and one which is still used 
to a large extent, is that using hydrostatic lubri- 
cators of the sight-feed class, Fig. 603. The 
principle of operation is as follows: The lubricator 
is filled with cylinder oil by removing cap iC, the 
height of oil appearing in glass L. If water is 
present, the oil floats on top as indicated. After 
the cap is screwed in place, the valves in the 
condenser pipe are opened, subjecting the oil in 
the vessel to steam-pipe pressure. Steam is con- 
densed in pipe C, filling tube B and part of C, 
thus adding to the steam pressure the pressure 
due to the weight of the water column. Valve F, 
which communicates with the top of the vessel by 
means of tube A, is opened wide, as is also the 
regulating valve /. The pressure at B, being 
greater than that at A by an amount equivalent 
to the height of the water column, forces the oil through A and the “ sight- 
feed S to the steam pipe. The rate of flow is controlled by the regula- 
ting valve I, As the oil flows from the vessel, its space is occupied by 
condensed steam, the height of oil and water being visible in glass L. 



Fig. 603. Common Hy- 
drostatic Lubricator. 



cator, Central System. Central System. 


Owing to the small capacity of the lubricator, it must be refilled fre- 
quently. To reduce the amount of labor required with the above appara- 
tus, independent sight-feeds. Fig. 604, are sometimes used in connection 
with a central reservoir. Such an installation is shown diagrammatically 
in Fig. 605. A condenser pipe leading from the steam main enters the 
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bottom of the reservoir, and the condensed steam fills up the reservoir 
as fast as the oil is fed out. The principle is the same as that of the 
simple hydrostatic lubricator. 

Forced-feed Cylinder Lubrication, — Mode:Ti conditions of high-pressure 
and high-temperature steam make it desirable, and in many cases neces- 
sary, to use mechanically operated lubricators which can be relied upon 
for automatically feeding 
the lubricant uniformly 
and in sufficiently small 
quantities. Figure 606 
illustrates the ^^RochesteF^ 
simple feed automatic 
lubricating pump, which 
takes the oil by gravity 
from the reservoir through 
a sight-feed glass and 
forces it through a small 
pipe to the steam supply 
pipe. The pump entirely 
obviates the trouble due to intermittent feeding and, being directly driven 
by the engine, runs at constant speed. The feed is uniform and in- 
dependent of the pressure pumped against. The rate is determined 
by the length of stroke of the pump piston which is easily adjusted. 




Fig. 607. Forced-feed Lubrication, Central System. 


With large engines multi-feed pumps are sometimes used, which force 
oil to the various valves as well as to the steam pipe. Figure 607 shows 
an arrangement of storage tanks in connection with pump reseiwoir to 
avoid the trouble of hand filling. 

See Table 104 for physical characteristics of cylinder oils suitable for 
internal lubrication. 

Steam Cylinder Lvbricaiim: Power Plant Engrg., July 1, 1923. 



Fig. 606. Forceu-feed Lubricator, Independent 
Type. 
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330. Oil Handling Systems — Steam Engine Plants. — Gravity oil- 
feed: Fig. 608, illustrates a simple gravity oil-feed system. The oil is 
supplied to the engine from 
the oil tank, by pipe D under 
pressure corresponding to the 
height of the tank above the 
oil cups. After performing 
its function the oil gravitates 
to the filter and from the 
latter to the oil reservoir, 
from which it is pumped back 
to the supply tank, the over- 
flow being returned to the 
reservoir through pipe iV. 

Operation is interrupted only 
when new oil is to be added 
to the system from the barrel 
through the flexible filling 
pipe. In case the oil tank is 
put out of commission, or the 
supply pipe becomes clogged, 
full pump pressure may be 
used by closing valves R and 
S and opening valve E, The 
make-up oil is small in amount compared to the quantity circulated. 
The reclaiming and purifying of the oil are essential if the bearings are 

to be flooded, otherwise the 
cost of oil would be prohibitive. 

An objection sometimes made 
to the above system is that the 
varying heights of oil in the 
supply tank may cause con- 
siderable variation in pressure 
at the oil cups, causing them 
to feed faster when the tank is 
full and slower when the tank is 
nearly empty. This applies only 
to installations where the supply 
tank is filled intermittently. 

Figure 609 shows the applica- 
tion of a low-pressure oiling sys- 
tem in which the level in the sight feeds is kept constant. A is the main 





Fiq. 609. Low-pressure Gravity Feed, 
Constant Head. 
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supply tank, and the upper and lower gages indicating the oil level, C 
the supply pipe running to the engines, and D a small standpipe closed at 
one end and vented near the top. The reservoir is supplied with oil by 
the valve marked ‘‘ inlet.^^ When the tank is filled, the oil rises in the 
standpipe D a corresponding height. The inlet valve is then closed and 
the oil in the standpipe feeds down to the level of the sight feeds or to a 
point where the air will enter the bottom of the tank. This will be the 
constant oil level, since oil flows from the tank only in proportion to the 
amount of air admitted. A head of 6 in. has been found to give the best 
results. 

Compressed-air Feed. — Figure 610 shows diagrammatically the ar- 
rangement of an oiling system involving the use of compressed air as the 
motive power. The storage tank containing the supply of engine oil is 
under air pressure at all times except during the short periods when it is 



being filled with oil from the filter. The air pressure on the surface of 
the oil forces it to a manifold on the engine from which it is distributed 
to the various oil cups. The oil flows from the different bearings to the 
returns tank located at the base of the engines. When the tank is filled, 
air pressure is admitted and the oil forced to the settling tank, which has 
a capacity of about 400 gal. and is located near the ceiling. The oil is 
allowed to settle and the entrained water and foreign material are drained 
to waste. The oil gravitates from this tank to a series of Turner oil 
filters. When a new supply of oil is needed, valves A and B are closed 
and vent valve C opened, cutting off the supply of air and reducing the 
pressure to atmospheric. Valve D is then opened and oil flows from the 
filters to the storage tank. 

Mechanical Feed. — Figure 611 shows the piping for a large central 
system of cylinder and engine lubrication, illustrating current practice. 
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There are two storage tanks on the engine-room floor, one for cylinder 
oil and the other for engine oil, the distributing arrangements being the 
same in each case. The oil is pumped from each tank into a main pipe 
extending the length of the engine room and provided with branches at 




Fig. 611 . Central System for Large Stations. 


each point requiring lubrication. The oil pumps arc actuated by steam 
and are of the duplex direct-acting type, provided with automatic govern- 
ors which regulate the speed to suit the demand for oil. The cylinder 
oil is forced through a special sight-feed lubri- 
cator, Fig. 612, under a pressure about 25 lb. 
in excess of the steam pressure. Referring to 
Fig. 612, diaphragm valve 7), in the bottom of 
the lubricator, is kept closed by the steam pres- 
sure admitted through pipes B, Thus the inlet 
pressure must be greater than that of the steam 
before the valve will open and admit oil to the 
engine. The oil, after entering, passes upward Sight-feedLubri- 

through the sight-feed glass and downward cator (Forced-feed Type), 
through the hollow arm A to the steam pipe. 

The engine oil is forced by the pump to the various points imder a pres- 
sure of about 20 lb. The waste oil is caught in suitable receptacles and, 
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after being filtered, is returned to the storage tank by a steam pump. 
This pump is connected so that it can supply the storage tank either 
from the filter or with fresh oil from a large oil tank in the basement. 
By this arrangement all handling of oil in the engine room is done away 
with. 

331. Steam Turbine Lubrication. — The oiling system in small tur- 
bines under 200 hp. capacity is usually self-contained and requires no 
special piping or storage tank. Lubrication of journals is effected by 
means of oil rings riding free on the shaft. Cored water-cooling chambers 
are commonly placed below the oil-ring reservoirs, with lapped holes for 
pipe connections. Circulation of water is necessary where high initial 



Fia. 613. Diagram of Oil Piping for Small Horizontal Curtis Turbine. 


steam temperature conditions prevail and also where a lower oil tem- 
perature is advisable or necessary. When the oil loses its lubricating 
properties, it is removed and the reservoirs are filled with a fresh supply. 
Small parts, such as the governor levers, ball bearings, and trunnions, are 
lubricated by hand. 

All large turbines and many of the smaller units are supplied with oil 
from a general oil-lubricating system operating on a continuous-circula- 
tion cycle. Each turbine manufacturer has a system peculiar to his 
product, but in a general sense the cycle is as follows: 

Oil is taken from a reservoir located in the bed plate and forced by a 
pump (geared to the main shaft or independently driven) through a • 
tubular oil-cooler to the bearings, etc. The warm oil is drained into the 
reservoir where it is filtered and cooled and from which it is recirculated 
by the pump. With a mechanically operated governor mechanism, the oil 
pressure on the system seldom exceeds 25 lb. gage and only one pump is 
employed. The oil pressures at the points of application vary from 2 to 
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16 lb. gage depending upon the make and type of turbine. With the 
oil-relay governor mechanism, an oil pressure of about 50 lb. gage is re- 
quired for its operation. In some designs there are two pumps, one for 
the general lubrication and the other for the governor relay. The majority 
of large turbines, however, have but one pump operating at a pressure 
high enough for the oil-relay system and furnishing oil for the bearings, 
etc. at a lower pressure through a reducing valve. All large turbines are 
equipped with an auxiliary or standby oil pump which may^be used when 
starting and stopping, or in case of emergency. 

The extra light ” and “ light ” turbine oils as specified by the Govern- 
ment (see Table 101) are prescribed by fully 80 per cent of the turbine 


Air Vent 



plants having forced-feed circulation; however, for ring-oiled turbine sets, 
the extra-heavy ” oil is used extensively, and in a number of instances, 
it is necessary to furnish a mineral cylinder oil because of steam leakage. 
The “ heavy ” or “ extra turbine oil is commonly specified for reduction 
gear sets. 

Figure 614 gives a diagrammatic outline of the lubrication system of 
the Allis-Chalmers turbine. The oil reservoir is located in the bed plate, 
remote from the heated parts of the turbine, and the pump is placed at the 
high-pressure end. Oil is pumped from the rese/woir under a pressure of 
25-30 lb. through the cooler and thence to the main distributing pipes. 
The oil connections for the bearings are located in the lower half of the 
pedestafl, the oil passing through the bottom seat and around the bearing 
and passing longitudinally along the journals on the horizontal center 
line and on the top. A sight oil vent is provided above each bearing so as 
to prevent air from accumulating in the oiling system at the bearings 
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and also to enable the operating engineer to observe the flow of oil. Part 
of the oil is used for the relay system of governing the turbine and the 
remainder, reduced in pressure to about 4 or 5 lb. by a reducing valve, 
is delivered to the various bearings. p]xcess pressure in the oil system 
is controlled by a relief valve which by-passes the oil back to the reservoir^ 
332. 011 Purification. — Oil used continuously in a lubricating system 
is subject to deterioration and eventually becomes unfit for further use. 
The principal, cause of this deterioration is oxidation into a product called 
sludge, caused primarily by the action of light, air, water, and heat, 
though dust, acids and alkalies are also active contributors to its forma- 
tion.i Sludge appears to exist in a soluble and in an insoluble form. 
The insoluble sludge has a specific gravity greater than that of the oil 
and will settle at the bottom when sufficient time is allowed, but the 
soluble compound appears to be in colloidal suspension in the oil at 
operating temperatures. Most of the oil-purifying devices available on 
the market will remove practically all of the insoluble sludge, but few 
will remove the soluble sludge, acids, or alkalies. 

There are at present two methods of purifying oil, viz: (1) precipitation 
and filtration;‘^d (2) centrifugal separation. 

Precipitation and Filtration, — Figure 615 shows a section through a 
small purifier of the bag type, suitable for plants where the oil is clarified 

intermittently. Impure oil is 
poured into funnel A and is dis- 
charged below the surface of the 
water through openings in the 
foot of the tube. The thin 
streams of oil rise vertically to 
the surface of the water, and the 
heavy particles of grit and dirt 
gravitate to the bottom. The 
oil flows from the precipitation 
chamber through pipe B into a 
filter bag which removes the 
lighter impurities carried over 
with the oil. This type of filter 
does not remove the soluble 
sludge or the acidity. 

Figure 616 shows a section through an oil filter in which the filtering 
medium is a mixture of excelsior, hair felt, and cloth. The general prin- 
ciples are the same as for the smaller design described abcfve, except that 
the oil is forced through a series of preliminary filters before passing 
through the bag. 

^ See Report of Prime Movers Committee, N.E.L.A., July, 1926. 
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For steam turbines the oil from the bearings is usually at such a high 
temperature that effective separation of water and sediment takes place 
without heating the oil at the filter. In fact, it is necessary to equip the 
filter cabinet with water-cooling coils so that the temperature of the oil 
may be maintained at the desired point. 

Plain separating tanks consisting of a single reservoir, with baffles so 
arranged that the oil must travel vertically downward and then vertically 
upward a number of times through water at a slow rate, are satisfactory 
where the soluble sludge content is comparatively low. 


Perforated Plate | 
Water 
JBteMmOoils 



SECTION I SECTION 2 SECTION 3 SECTION 4 
H'lG. 616 . Turner Oil Filter. 


When an excessive amount of acid or alkali is formed in the oil and 
cannot be removed through the ordinary process of filtration and separa- 
tion, the oil should be chemically treated to neutralize the product. 

Mechanical Separation. — Centrifugal separators operating on the prin- 
ciple of the well-known cream separator are suitable for removal of water 
and solid materials from oil, but do not in one operation eliminate all the 
undesirable contaminating substances, especially those that have a specific 
gravity close to that of the oil itself. They do iiot remove acids or alkalies, 
or the soluble sludge, and they offer opportunities for the oil to mix with 
air. Centrifugal filters similar in principle to the centrifugal separators 
have been built, but so far have not been* able to produce the quality of 
clarification that is obtained with the series filter. Centrifugal separators 
are frequently used in conjunction with settling tanks and filters, either 
for preliminary purification or for removing water after the oil has passed 
thrcugh the filters. 
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333. Turbine OU-purlflcatlon Systems. — There are at present four 
general methods of oil purification: (1) the continuous filtration, (2) the 
continuous by-pass, (3) the batch, and (4) the combined continuous by- 
pass batch system. 

Continuous Filtration System. — In this system the entire volume of oil 
is filtered each time it is pumped by the oil pumps of the circulating 
system. For very small turbines, where only a snjall quantity of oil is 
circulated, this method is very effective and is now standard practice. 
The capacity of the oil tank or tanks should be such that it will take 
at least 5 min. to circulate a quantity of oil equal to the tank capacity. 
For larger turbines, however, the space occupied by the filter and its 
accessories is objectionable and the first cost is excessive. 

Continuous By-pass System. — This system differs from continuous 
filtration ” in that only 10 to 20 per cent of the lubricant contained in 
the turbine oil reservoir is continuously by-passed through the filtration 

system. The continuous by-pass 
system is shown diagrammatically 
in Fig. 617. A sight overflow A, 
vented to prevent siphoning, is 
connected to the turbine so that its 
overflow pipe corresponds with the 
desired level of oil in the turbine 
reservoir, which level is thereafter 
automatically maintained at all 
times. This arrangement assures 
that the turbine oil reservoir will 
always be at the proper level, since 
the quantity of dirty oil overflow- 
ing to the filter is balanced by the 
amount of clean oil delivered to the 
reservoir by the filter pump. 
Accidental stoppage of the filter 
pump does not prevent continuous 
operation of the turbine, because 
the vented overflow makes drainage 
of the turbine oil reservoir impossible. Centrifugal separators and sepa- 
rating tanks are sometimes used in place of the bag filter. This system 
does not lend itself, however, Ho the removal of soluble sludge at tur- 
bine operating temperatures; but, by the use of the proper oil and an 
eflScient filtration system, the water and air may be continuously removed 
so that there is little opportunity for this formation to take place. New 
turbines equipped with this system are reported to have been in opera* 


End ViSw of 
Sleam TZucbino 



Fig. 617. Continuous By-pass System. 
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tion for periods up to 2 1/2 years with little deterioration in the lubri- 
cating value of the oil. Small quantities of make-up oil are added 
periodically to replace losses. 

Periodical Batch, — In this system the entire charge of the lubricating 
system of the unit is drained at definite intervals and a fresh supply is 
introduced. The used oil is submitted to the customary filtration and 
purification process and stored until the next replacement takes place. 
The chief objections to this system are that it requires keeping in stock 
a large spare supply of oil, complicating the storage facilities, and necessi- 
tates shutting down the unit each time the oil is charged. 

Continuous By-pass Batch System. — Manufacturers of this system, 
which is a combination of the continuous by-pass and the batch systems, 
claim that it is possible 
to remove completely both 
soluble and insoluble sludge. 

Referring to Fig. 618 it 
will be noted that the piping 
is arranged so as to place 
the usual type of bag filter 
in the circuit of a continuous 
by-pass system and so that 
oil can also be overflowed 
from the turbine reservoir 
into precipitation or storage 
tanks, whenever desired, 
while the turbine is in opera- 
tion. The oil is allowed to 
settle in these precipitation 
tanks for a considerable 
period of time, during which 
sludge and water settle out. The discharge from the settling tanks is 
connected inside the tank to a float, thereby keeping the end of the 
discharge near the oil level and permitting the cleanest oil to be drawn 
from the tank regardless of the oil level. 

Steam Turbine Oil Purification Systems: Report of Prime Movers Committee, 
N.E.L.A., 1923, Part B, p. 320; 1922, p. 2; 1921, p. 8. 

The Causes of Trouble in Steam Turbine Lubrication and Remedy: Power, Aug. 17, 
1920, p. 244. 

Deterwration of Turbine Oils in Use: Power, Oct. 30, 1923, p. 707. 

Effect of High Temperatures on Lubricating Oil in Circulating Systems: Power, May 
16, 1922, p. 781. 

Preventing Emulsificalion in OilrCircvlating Systems: Power, Nov. 9, 1920, p. 740. 

Maintaining Quality of Steam Turbine Oils in Service: Power, Jan. 22, 1924, p. 125. 



Fig. 618. Continuous By-pass Batch System. 




CHAPTER XVIII 

TESTING AND MEASURING APPARATUS 


334. General. — The importance of maintaining a system of records 
discussed in paragraph 354. The various items which may be recorded 
and the instruments and appliances used in this connection are outlined 
in the accompanying chart. No hard and fast rule can be laid down 
stating what instruments must and must not be used, since the problem 
is one influenced very much by local conditions. It is better to install too 
few instruments than to install more than can be taken care of by the 
plant organization. There arc certain instruments which all plants, 
regardless of size, should have installed. The essential instruments 
recommended by the N.E.L.A. Committee on Prime Movers are as 
follows: Steam-pressure gages on boilers, header, and turbine throttle; 
feedwater-pressure gages; mercury column on turbine exhaust; ther- 
mometers for feedwater, steam (if superheated), and bearing oil temper- 
atures. In addition to these there should be the usual electrical instru- 
ments. There should also be means for determining the net kw-hr. 
delivered by the station and for measuring coal. In large stations a full 
complement of indicating, recording, and integrating instruments may 
prove to be a good investment if intelligently and closely studied with a 
view to locating and eliminating unnecessary losses. The instruments 
should be inspected and calibrated at intervals, since many of them are 
delicately constructed and are apt to become inaccurate after a few months* 
service. Steam gages, thermometers, and pyrometers, and particularly 
piston water meters are subject to appreciable error after considerable 
use. Voltmeters, ammeters, and other switchboard instruments are 
easily deranged, especially when subjected to continuous vibration or to 
high temperature. 


Weights 
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Fuel 


Fluid 


Platform scales, indicating and recording. 
Suspension hoppers, indicating and recording. 
Coal meters, integrating. 

Platform scales and tanks. 

Volumetric 

Current Indicating, 

Area recording 

Dynamic and 

Weir integrating. 

Force 

Thermal 

812 
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High { 

Pressures ^ . . . 

Low 

Tempera- 
tures 

-330 to +1300° F. ( 
-40 to +800° F. ( 
-60 to +200° F. < 
+50 to +400° F. ( 
+120 to +1000° F. < 
0to+1600°F. < 
+800 to +2900° F. ( 
Over 2900° F. ( 

Indicated 

Power 

Developed 

Flue-gas 
analysis — 

Moisture 

‘ Orsat apparatus. 

Hand analyzers. 
Recorders. 

Caustic. 

. Electrical. 

f In air 

In steam 

Fuel analysis . 

Coal calorimeters. . . | 
Gas calorimeter 


Manometers — mercurial, indicating, and re- 
cording. 

Manometers — water, indicating, and record- 
ing. 

Diaphragms, indicating and recording. 


Indicators, hand-manipulated. 
Indicators, continuous recording. 
Rope brake. 

Prony brake. 

Absorption dynamometers. 
Electric generator. 


Hygrometer, indicating c.ad recording. 


Junker. 


Electrical Plant 


Voltage Voltmeters, A. C. and D. C., indicating and recording. 

Current Ammeters, A. C. and D. C., indicating and recording. 

Output Wattmeters, A. C. and D. C., integrating and recording. 

Power factor... .Power factor meters, A. C. only, indicating and recording. 

Frequency Frciiucncy meter. A, C. only, indurating. 

Synchronism. . .Synchronizers, A. C. only, indicating. 


The N.E.L.A. Committee on Prime Movers offers the following list of 
instruments, arranged roughly in order of importance, which may be 
expected in the average large central station: 

For Station Operators 
Turbine Room Instruments 

(а) Indicating steam gage at throttle and other points, depending upon 
the type of turWne or engine; mercury column; thermonieters for steam 
temperature (if superheated) and bearing oil; indicating wattmeter; 
barometer (Aneroid type may be used if frequently checked). 

(б) Thermometers for circulating water inlet and discharge and con- 
densate. 

(c) Device for measuring air leakage where possible. 

(d) Steam-flow meter or condensate meter. 

\e) Device for measuring tube leakage. 
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BoUer Room Instruments 

(а) Steam gage on each boiler (where uniform steam pressure is impor- 
tant and difficult to maintain, a large master steam gage on header is 
desirable). 

(б) Feedwater pressure gage. 

(c) Draft gages at uptake, over fire and air-pressure gages in air duct 
and at those points of the stoker required by that particular type. 

(d) Steam-flow meter on each boiler. 

(e) Air-flow gages on CO 2 recorder. 

(/) Load indicator or total flow steam meter. 

(g) Feedwater thermometer. 

For Checking Operation 

(a) Kw-hr. meters and coal scales; steam pressure (and temperature) 
recorders. 

(b) Boiler-feed temperature recorder. 

(c) Vacuum recorder; steam-flow meter or feedwater meter or both; 
blow-down meter (where this is impractical, a recording thermometer 
placed in a blow-down line indicates frequency of blowing and leakage 
of blow-down valves). 

(d) Feedwater pressure recorder. 

(e) CO 2 recorder; flue-temperature recorder. 


335. Fuel Measurements. — In many small plants using truck or 
wagon delivery, the delivery tickets of the coal dealer are depended upon 
for the weight of coal used, no attempt being made to determine the 
evaporative value; and the economy of the plant is judged by the size 
of the coal bill. In such cases a considerable saving may be effected by 



Fio.619. Bailey 
Coal Meter. 


keeping a daily record covering at least the coal and water 
consumption. The coal can be conveniently weighed on 
ordinary platform scales or by means of calibrated con- 
tainers. In large central stations, when the quantities 
involved are very large, the coal is frequently weighed 
in the cars at the plant and no attempt is made to 
determine the amount used by the individual boilers. 
In many of the modem plants the weight of coal is deter- 
mined by suspended weighing hoppers, which may be 
stationary, as in Fig. 193, or mounted on a traveling 
truck, as in Fig. 192. The scales of such devices are 
made indicating, recording, integrating, or a combination 
of the three, the last costing but little more than the 
simple indicating or recording devices. 

A simple and inexpensive coal meter is illustrated in 


Fig. 619. It consists essentially of a helical vane placed in a cylindrical 


conduit. The movement of the coal causes the vane to rotate, and 
the number of revolutions is a measure of the volume of fuel passing. 



TESTING AND MEASURING APPARATUS 


815 


This motion is transferred through flexible shafting to a counter located 
at any convenient point. The manufacturers guarantee accuracy within 
1 to 4 per cent of scale weight, when the meter is installed in a vertical 
pipe sufficiently large in proportion to the coarseness of the coal and 
sufficiently long to insure uniform distribution of coal throughout the 
pipe* 

Figure 620 gives a diagrammatic arrangement of the principal elements 
in the Republic ” coal meter as applied to chain grate stokers. For a 
given depth of fire, the speed of the grate is a function of the volume 
passing into the combustion chamber. The speed of the grate is trans- 



mitted through suitable linkage to the coifnter, so that the total number 
of revolutions over a given period of time is a fairly accurate index of the 
volume of fuel fed into the furnace during that time. Variations in 
height of gate are automatically compensated for by a toothed spiral drum, 
so that no corrections of the meter readings are necessary. In the com- 
mercial design, the toothed spiral drum is replaced by a simpler mechanism 
operating on the same principle, and the register is connected to the 
stoker shaft by means of a flexible coupling. The manufacturers of the 

Lea ” coal meter, which is the English design of this device, guarantee 
an accuracy within 2 1/2 per cent of the true volume for all grades of coal 
under average working conditions. By checking volume against weight 
for any given size and grade of coal, the meter readings may be converted 
into weight by the use of a single constant. This device is also equipped 
with a tachometer graduated to give the rate of combustion as well as 
the total over an elapsed period of time. 

Volumetric measurements of the coal fed by underfeed stokers may be 
recorded by calibrating the displacement of the feeder rams and totaling 
the number of strokes with any type of continuous counter. With very 
wet fine-sized coal there is danger from arching, and the accuracy of the 
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displacement of the rams is not a true measure of the volume of coal fed 
into the furnace. For relation between weight and volume for various 
coalS; see paragraph 118 . 

The weight of oil fuel fed to the furnace is obtained from the readings 
of suitable fluid meters, and that of powdered fuels by weighing the 
product in closed tanks. 

Coal Weighing Devices and Meters: Power Plant Engrg., Jan. 1, 1920, p. 70. 

336. Measurement of the Flow of Fluids. — The various devices used 
in this connection have been classified by the A.S.M.E. Special Research 
Committee on Fluid Meters as follows: 

Division Class Type Division 

Positive Weighing Weighers Inferential 

Tilting traps 
Volumetric Tank 
Piston 
Disk 
Rotary 

Bellows wet-drum 
Inferential Current Propeller 

Turbine 
Helical 

Area Gate 

Orifice and plug 
Cone and disk 
Cylinder and plunger 

Meters of the weighing, volumetric, and current class give total quantity 
directly regardless of the rate of flow, while those of the dynamic, weir, 
force, and thermal class give rates of flow. When the latter are designed 
to give total quantity, a mechanism involving a time element must bo 
added. 

Most fluid meters consist of two distinct parts each of which has differ- 
ent functions to perform. The first is the primary element, which is in 
contact with the fluid and is acted on directly by it; the other is the 
secondary element which translates the action of the fluid on the primary 
elements into volumes, weights, or rates of flow and indicates or records 
the result. 

The term positive is used to designate those meters through which the 
fluid passes in successive isolated quantities, either by weight or volume. 
These quantities are separated from the main stream and isolated by 
alternately filling and empt3dng containers of known capacity, and no 
fluid can pass through such a meter without actuating the device. The 
secondary element of a positive meter consists of a counter with suitably 


Class Type 

Dynamic Venturi 

Flow nozzle 

Orifice 

Pitot 

Centrifugal Friction 
Weir Square notch 

Triangular notch 
Special notch 

Force Hydrometric pendulum 

Vane 

Thermal Electric 
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graduated dials for indicating the total quantity that has passed through 
the meter up to the time of reading. 

The term inferential applies to all meters through which the fluid 
passes in a continuous stream. The functioning of the primary element 
depends upon some property of the fluid othei than volume or weight, 
and the secondary element embodies some device which draws the neces- 
sary inferences automatic^ally so that the observer may read the results 
from a dial. For a detailed discussion of the various types of measuring 
devices outlined above, consult First Report of A.?>.M.E., Special Re^ 
search Committee on Fluid Meters published by the Society in 1922. 

Measuring Flow of Fluids: Power, Mtir. 30, 1920, p. 503. 

The Salt Velocity Method of Water Measuretnent: Mech. Engrg., Jan. 24, 1924, p. 13. 

337. Measurements by Weight. — Whenever it is desired to calculate 
the amount of heat absorbed or given up by a liquid, it is ultimately 
necessary to record the quantity of liquid involved in terms of weight. 
Any means of determining the weight directly is usually more accurate 
than a method which consists of measuring the quantity volumetrically 
and then transferring to a weight basis, since the weight is independent 
of other physical properties. For this reason, when extreme accuracy is 
necessary, the licpiid is weighed directly, usually by the use of two or 
more tanks resting upon s(\ales filled and einptied alternately. Where 
the (juantities to be measured are comparatively small and the test is of 
short duration, it is customary to empty and fill the tanks and effect the 
weighing by hand. Where large quantities ai’e involved and continuous 
observations are to be made over a long period of time, this method is 
impractical liecaiise of the cost of attendance anti the bulk of the weigh- 
ing apparatus. When hot liquids are measured in this maimer, evapora- 
tion may also cause an appreciable error. The principal use of the weigh- 
ing tank method has been for making boiler tests and for calibration 
purposes. For specific instructions conceniing the weighing of feedwater 
by means of tanks and scales, consult Rules for Conducting Boiler 
Trials, A.S.M.E. C'ode of 1925. 

338. Volumetric Meters. — In this class of positive meters, volumes 
and not weights are measured, though the scale may be graduated to 
read weight. For constant density the weight readings are fully as 
accurate as the volume readings, but for varying densities corrections 
must be made. In some designs those corrections are automatically made 
by the meter mechanism. The volumetric meters of the positive type 
most commonly found in power plant practice are the tank, of which the 
Wilcox, Fig. 621, is an example; the piston, Fig. G22; the disc, of which 
the Nash, Fig. 623, is a typical example; and the rotary, Fig. 624, which 
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Valves 


Supply 


is usually limited to small sizes. Piston, disc, and rotary meters are 
usually placed on the pressure side of the boiler-feed pump (the conden- 
sation type of rotary meter excepted) since a pressure difference is neces- 
sary to actuate the mechanism, while 
tank meters arc generally placed on 
the suction side. The former take up 
considerably less room than the latter, 
but are subject to wear with con- 
sequent leakage and error in read- 
ings. In many plants where piston, 
disc, and rotary meters are installed, 
the meter is by-passed so that it can 
be operated for short periods as well 
as '' cut out ” for repairs. 

Figure 621 shows a diagrammatic 
outline of the “Wilcox Automatic 
Water Weigher,’’ illustrating a typical 
volumetric meter of the “ tank ” 
class. The device consists of a metal 
tank divided into an upper and lower 
compartment by a horizontal partition and a float-controlled storage 
reservoir. The water enters the upper compartment, passes to the lower, 
in which its volume is measured, and then out through the U-shaped 
discharge pipe. The operation, beginning with both compartments empty. 



IMeoharge Ontlet-*{^ | 

Pig. 621. Typical Tank Weigher 
(Wilcox). 



Fig. 622. Typical Piston Meter (Worthington). 


is as follows: Water enters the upper compartment through the inlet 
pipe and rises to the top of the standpipe. (The latter is open at the top 
and bottom and is rigidly connected to the bell float, but when in its 
lowest position it is held against its seat by weight of the bell float.) 
Further admission of water causes it to overflow into and through the 
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standpipe into the lower compartment. The water, rising in the lower 
compartment, seals the lower edge of the bell float and entraps a volume 
of air under the bell. Further rise compresses the air under the float, 
in leg C of the discharge pipe and in leg A of the trip pipe AB, This 
compression causes the float to rise to its highest position and raises the 
standpipe from its seat, permitting the water in the upper chamber to 
pour into the lower vessel. Compression of air continues until the pres- 
sure becomes great enough to break the seal in the trip pipe. This action 
immediately reduces the pressure below the float, permits the latter to 
descend, sealing the upper chamber against further discharge, and allows 
the water in the lower compartment to siphon out through the discharge 
pipe. The number of discharges is recorded mechanically. The ball 
float and balance pressure valve arc in operation only when the weigher 
is not working at its full capacity. This particular design is made in one 
size only, maximum capacity 35,000 lb. per hr. 

Figure 622 shows sections through a duplex-piston meter which is 
essentially the water end of a duplex double-acting pump having the 
cross-over valve motion at the bottom The moving parts consist of two 
plungers and two side valves with a lever which conveys the motion of the 
plunger to the recording mechanism. By means of adjustable tappets 
at the ends of the cylinder, the length of 
the plunger stroke and consequently the 
displacement per register may be altered. 

This provides means for calibrating the 
meter for any service. These meters are 
not suitable for capacities over 350 gal. 
per min. 

The disc meter, Fig. 623, consists of 
a measuring chamber which is divided 
into two compartments by a disc revolv- 
ing about a spherical bearing. One com- 
partment is always filling while the other 
is emptying and thus an unbalanced fluid 
pressure moves the disc. Each revolution 
of the disc displaces a definite volume of fluid. These meters are not 
constructed for capacities over 500 gal. per min. 

Figure 624 illustrates the principles of the Cadillac condensation meter, 
illustrating the rotary type. Its mechanism consists primarily of a cylin- 
drical copper drum divided into six scroll-shaped compartments, together 
with a case and an integrator. The fluid is admitted by means of a spout 
introduced axially at the center of the drum, and extending throughout its 
entire length is the inlet opening by which the water passes each com- 



Fig. 623. Tj’^pical Disc Meter 
(Nash). 
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partment successively as the drum rotates. Starting with compartment 
1, directly beneath the spout, the incoming fluid fills it, and the peculiar 
shape of the compartment causes the greater portion of the fluid to flow 
to one side of the perpendicular side line of the drum. By seeking to 

find the center of gravity, the water rotates 
the drum, until finally, when compartment 1 
is full, the weight and location of the fluid 
have drawn compartment 2 beneath the spout. 
This second compartment fills in its turn and 
draws compartment 3 into place, and the fluid 
in compartment 1 now begins to overflow at 
its outer opening in the perimeter of the drum. 
Compartment 1 does not commence to dis- 
charge until compartment 3 is partly filled. 
All compartments are alike and each receives 
and discharges the same volume of fluid. 
These meters are intended for capacities 
not exceeding 35 gal. per min. 

339. Dynamic or Velocity Meters. — In this class of meters the stream 
of fluid creates a difference of pressure, or a differential head, through 
the primary device, this head depending upon the velocity and density 
of the fluid. The Venturi tube (Fig. 625), flow nozzle (Fig. 635), orifice 
(Fig. 623), hyperbolic elbow, and Pitot tube (Fig. 631), are the means 
commonly employed for creating the differential head. 

The relation between pressure and velocity in all types of dynamic or 
velocity meters is expressed by the basic law 

7 = C VA (282) 



Fig. 624. Principle of the 
Cadillac Condensation Meter. 


in which 

V = velocity, ft. per sec., 

h = head of fluid producing flow, ft., 

C = experimentally determined coefficient which varies with means of 
producing the differential head and other construction factors. 

Meters of this class are suitable for measuring the flow of gases and 
vapors as well as that of liquids. The Venturi tube and hyperbolic elbow 
necessitate cutting the pipe line for their introduction; nozzles and orifices 
are usually designed so that they may be slipped in between the pipe 
flanges; but the Pitot tube may be inserted in all but very thin and small 
diameter tubes by merely drilling a hole in the pipe at some convenient 
point. Dynamic meters are applicable only to fluids flowing in closed 
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conduits and where the velocity is sufficient to create an appreciable 
differential head. In the commercial designs of this class of meters, the 
simplest and most inexpensive device for indicating the rate of flow is the 
manometer in any of its forms. Total qUcmtities are obtained by taking 
periodic readings, averaging, and multiplying by the total time. The 
difference of head, and lienee the rate of flow, may also be transmitted to 
indicating and recording points by the displacement of floats resting upon 
the surface of the liquid in the manometer. For recording total quanti- 
ties the time element must l)c introduced. The basic principle of .the 
totalizing or integrating mec'hanism is illustrated in Fig. (32fl. 

Among the well-kruiwn dynamic meters used in power plants for meas- 
uring the flow of fluids in pipes, may be mentioned the Builders^ Iron 
Foundry Company’s V(Mituri; the '' Republic Flow ” (ll.F.M.), General 
Electric ” (G-E), “ Cochrane,” and Bailey,” involving the use of orifices, 
flow nozzles, or Pitot tubes; tla* “ llyperbo-lClectric,” employing the 
hyperbolic elbow; the St. John’s,’’ utilizing an orifice and plug; and the 

Simplex,” which has a Pitot tube for its primary element. 

For satisfactory operation, the primary elements of all meters of the 
dynamic class should hav() a straight run of pipe approximately 20 diam- 
eters in length ahead of them, and the water should be (comparatively free 
from dirt or scale which may plug up the various openings or cause cor- 
rosion of the nozzles or tulxis. Violent fluctuations and pulsating flows 
also affect the accuracy of the read- 

ings. 0 0 0 

The Venturi tube consists of a tube -A- J _ T 

of circular cross section, shaped as a — > c [ 

shown in Fig. 625. Starting at the Diagram of Vonturi Tube, 

upstream flange, there is first a short 

cylinder, machined inside, which is substantially a continuation of the 
pipe line. In this cylinder several small holes lead into a piezometer 
ring, so that a connection may be made for measuring the static pressure 
before it enters the construction. An entrance cone of about 21 deg. 
total angle connects the short straight section with a short cjdindrical 
throat. The latter is machined and provided with side holes leading to a 
piezometer ring for measuring the static pressure at this point. The end 
of the throat leads into the exit cone or diffuser, which has a total angle 
of about 5 to 7 deg. This terminates in the downstream flange for con- 
necting the Venturi to the following pii)e line. Venturi tubes under 2 in. 
in diameter are usually made entirely of bronze and finished inside through- 
out the entire length, while the larger sizes are generally of cast iron with 
the throat and the straight entrance lined with bronze and machined to a 
smooth finish. 
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The so-called theoretical equation of the Venturi meter for the flow 
of water is 

Q = M V^h (283) 

in which 

Q = rate of discharge, cu. ft. per sec., 

g = acceleration of gravity = 32.2 approx, for average purposes, 
h = difference in head between the static pressure at the two piezometer 
• connections, ft. of water, 

M = A/{r^ — 1)*, where A = area of the entrance section at the up- 
stream pressure connection, sq. ft., and r = ratio of entrance to 
throat diameter. M is therefore a constant for a given size 
and design of meter. 

The actual rate of discharge may be obtained from equation (283) by 
multiplying the calculated results by a coefficient C, which varies with 
the throat speed, diameter of the pipe, viscosity of the fluid, and other 

factors. In practice the 
numerical value of C is 
determined from experi- 
mental tests. The com- 
mercial type of Venturi for 
measuring the flow of water 
has a coefficient of 0.9G or 
over for all rates of flow 
within its designated range 
of capacity. 

Figure 626 shows the in- 
terior of the registering 
mechanism for indicating, 
recording, and totalizing 
the rate of flow. Two 
small tubes connected with 
the inlet and throat of the 
tube transmit the difference of pressure at these points to the meter or 
registering device. At the back of the register these pipes enter two larger 
vertical wells, connected at the bottom by a small pipe, one well being 
subjected to the inlet pressure and the other to the throat pressure of the 
tube. In each well is a heavy metal float resting upon mercury, which 
flows from one well to the other in direct proportion to the difference of the 
two pressures, causing one float to rise as the other descends, the move- 
ment being transferred through rack and spur gearing to the indicator 
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Fia. 626. Interior of Register Mechanism. 
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dial and shaft. A cam on this shaft controls the position of the pen on 
the chart and also the degree of movement of the counter dial figures. 
The operation of the registering mechanism is illustrated in Fig. 626. 

Venturi Meter: Report of A.S.M.E. Special Research Committee on Fluid Meters, 
1922; Trans. A.S.C.E., Vol. 17, p. 252; Trans. Inst. C.E., Vol. 199, 1914-15, Part 1; 
Proo. Roy. Soc., Vol. A83, 1910, p. 366; Power, Jan. 23, 1912, p. 102. 
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Fig. 627. Principles of "Simplex” Pitofrtubc Meter. 


Figure 627 shows the principles of operation of the “ Simplex ” Pitot 
meter with recorder attachment. A unique feature of this meter is the 
Ledoux bell, the use of which permits the direct indication or recording 
of the velocity or velocity head. When equal pressures are delivered 
from the two connections of the Pitot tube, the bell, under the influence 
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of its counterweight and its weight of water, stands in the mercury at the 
lower level of the curved interior. When subjected to a differential pres- 
sure, it moves downwards, displacing an amount of mercury equal to that 
which is lifted upward into the float, until equilibrium has been established. 
The downward motion is proportional to the square root of the mercury 
displacement, and, since the latter is proportional to the square of the veloc- 
ity, it is evident that the movement of the float is directly proportional to 
the velocity or rate of flow. 

For a description of commercial meters involving the use of orifices, 
flow nozzles, and hyperbolic elbows, sec paragraph 342. 

The appropriations of the great majority of small steam power plants 
do not permit of the installation of tank meters, Venturi meters, or other 
forms of commercial appliances for measuring the weight of water fed to 
the boilers. For use in such cases, an inexpensive and fairly accurate 



Fig. 628. Simple Indicating Water-meter. Orifice Type. 


indicating meter may be constructed of ordinary pipe fittings, as illus- 
trated in Fig. 628. A thin metal diaphragm with circular orifice is in- 
serted on the pressure side of the feed pump, and the pressure drop across 
the orifice is measured by an inclined mercury manometer. The height 
of mercury h is an indication of the rate of flow. By calibrating the 
manometer against tank measurements, the readings of the mercury 
column may be graduated to read directly in lb. per hr. If means of 
calibration are not available, the weight of discharge may be approxi- 
mated from the formula 

W = 1120 a Vhd, (284) 

in which 

W = weight flowing, lb. per hr., 
a = area of the orifice, sq. in., 
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h = vertical height of mercury column, in., 
d = density of the water, lb. per cu. ft. 

For a fairly continuous flow and pressure drop corresponding to 3 in. 
of mercury or more, this simple device gives results agreeing within 4 
per cent of tank weights; but for widely fluctuating flow and small pres- 
sure drops the error may be considerably more. 

340, Weir Measurements. — For measuring the flow of streams or of 
large quantities of water in open conduits, the weir offers an accurate 
means of determining the rate of flow. For high heads, such as may be 
found in the measurement of large streams, the rectangular notch is com- 
monly used; but where the heads are comparatively low, as in most 
power plant service, the triangular notch is the more reliable. In the 
weir meter the area of the stream and the head are variable, but not 
independently. The variable area bears a definite relation to the velocity 
and is indicated by the height of the level of the liquid measured over a 
horizontal plane at the base. For the ordinary rectangular notch with 
two contractions, and heads ranging from 3 in. to 2 ft., it has been found 
by experiment that 

Q = 3.33(6 - 0.2 h)h^ (285) 

in which 

Q = cu. ft. per sec., 

6 = length of the weir, ft., 
h = height of liquid passing over the weir, ft. 

For the triangular notch with 90-dcg. angle, the rate of flow is 

Q = 0.305 (285a) 

Weir meters are also used extensively for the measurement of feedwater, 
condensate, and blow-off discharge. Among the popular designs may be 
mentioned the Lea V-notch, Cochrane, Hoppes, Bailey, and Webster. 

Figure 629 shows the general primiples of the Yarnall-Waring Company's 
Lea V-notch recording liquid meter. The head of water flowing over 
the notch is measured by means of a float opera ting in a still-water chamber 
out of the path of flow. Movement of the float is transmitted to the 
indicating and recording apparatus through the agency of a small spindle. 
The upper end of the spindle indicates on a graduated scale the depth of 
water over the weir. The movement of the spindle is also transmitted 
through a gear to a rotating drum. This dnim is grooved so that a 
slider bar engaging the groove actuates a recording pen in direct propor- 
tion to the rate of flow. An integrating or totalizing mechanism may be 
readily attached to the slider bar. Variations in density due to temper- 
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ature are automatically compensated for by the float, since the depth 
of immersion increases as the density decreases and vice versa. Lea 
V-notch meters are available in a number of sizes and designs, with unit 
capacities up to a maximum of 1,000,000 lb. per hr., and readings when 
carefully calibrated are guaranteed to be accurate within 11/2 per cent 
of actual tank weight. 

Weir Meters: Power, May 1, 1917, p. 582; Trans. Neb. Soc. Engrs., Vol. 1, No. 1; 
Eng. News, 1914, Vol. 2, p. 277; Proc. Am. Water Wks. Ass’n, 1912; Mech. Engrg., 
Feb., 1920, p. 83. 



341. Steam Measurements. — The quantity of steam passing into any 
system may be determined (1) by collecting and weighing the condensate 
at intervals or by passing it through suitable liquid meters, and (2) by 
measuring the rate of flow of the steam itself in pipe lines. The first 
necessitates the use of surface condensers, unless condensation is effected 
in the system itself, and consequently has a limited field of application. 
Any suitable type of water meter may be used for measuring condensate. 
In large central stations condensation meters of the V-notch type are 
frequently incorporated in the hotwell chamber of the surface condensers. 

342. Flow Meters. — Any of the inferential types of fluid meters out- 
lined in paragraph 336, with the exception of the V-notch ” class, may 
be arranged to measure the flow of steam in pipes, but the most successful 
commercial devices are of the dynamic and “ area ” class. 

The weight of fluid flowing through an opening may be calculated by 
the equation 


F = A2/7 


(286) 
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in which 

W = weight, lb. per sec., 

A = cross-sectional area, sq. ft., 

y = density of the fluid, lb. per cu. ft., 

V — velocity of flow, ft. per sec. 

All steam meters for indicating or recording the weight of steam flowing 
through a pipe are based upon the law expressed in equations (282) and 
(286). Thus, for steam of constant density, the opening through which 
it flows may be made constant and the ’'variation in velocity will be an 
indication of the rate of discharge (“dynamic” class); or the velocity 
may be held constant and a variation in the amount of opening will be an 
indication of the weight discharged (“ area ” class). Unfortunately, the 
density of steam is seldom constant under commercial conditions, and 
herein lies the inherent defect of all steam meters which depend for their 
operation upon a variation in the area of efflux or a variation in velocity. 
The density of steam is a function of its pressure and quality, and any 
variation in cither will affect the weiglit of discharge s determined from 
equation (286). Pressure and temperature variations may be automatic- 
ally compensated for, but (corrections for (quality must be made in each 
specific case. 

The average high-grade steam meter is a reliable and accurate means 
of measuring the flow of steam in straight lengths of^ipes, provided the 
quantity flowing is within the limits specified [)y the manufacturer, the 
flow is continuous, the change in the rate of flow is gradual, and the pres- 
sure and quality are practically constant. For low capacity, interrupted, 
or intermittent flow and for sudden variations in pressure or quality, the 
results are not so reliable and may be in error. The accuracy of all meters, 
provided they have been correctly calibrated and adjusted, depends 
largely upon the degree of refinement in reading the indicators and in 
integrating the charts. The commercial failure of many steam meters 
is due to the fact that they are not cared for or operated in strict accord- 
ance with the principles of design. 

Republic Flow Meters, — These meters are of the dynamic class, in 
which the primary element is a Pitot tube or orifice, and the secondary 
element a mercury manometer actuating an electric current. The differ- 
ential pressure produced by the primary device is not used as a motive 
force for the operation of the mechanism. Its action is that of an electrical 
manometer. The indications of flow may be obtained on standard elec- 
trical switchboard instruments (fixed or portable type), having a high 
degree of instrumental precision. 

The use of this electrical method of measurement eliminates all cams, 
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floats, levers, gears, and stuffing boxes, removing several of the elements 
which lead to instrumental errors and derangement in other types. A 
further feature is the freedom of repetition of meter stations, obtained 
by wiring additional meter circuits under conditions that would preclude 
the use of devices in which hydraulic pressure is transmitted from the 
primary to the secondary device. In other words, there is no reasonable 
limit to the distance at which the secondary device can be located from 
the primary. 

The fundamental principles are shown diagrammatically in Fig. 630. 
The meter body, or U-tube, is partly filled with mercury, and is made to 
balance the dynamic pressure of the flow in the pipe by corresponding 

rise of mercury in the low-pressure side 

of the tube. The mercury column fonns 
a part of the electric circuit, as illus- 
trated. The electric circuit contains a 
fixed external resistance Ri in series 
£ with a variable internal resistance 
1 1^ an electromotive force E, a conductance 
indicator A, and a conductance in- 
tegrator IF. In the contact chamber 
Gy which forms the low-pressure side 
. . , .of the U-tube, there are a number of 

Fio. 630 . I^rmci^e^oUhe Republic conductors of varying lengths placed 

above the mercury colmnn, and as the 
mercury rises it makes a contact with one conductor after another. The 
variable resistance R^ is subdivided by these conductors into resistance steps 
corresponding to the varying lengths of the conductors, so that the rise 
and faff of the mercury column varies the amount of resistance and the 
corresponding amount of electric conductance in the circuit. The read- 
ings of the electrical instruments are controlled solely by the variation 
in height of the mercury 

column and are independent ( ■ ^ Bewwroi™ 

of the electromotive force 1 f I 

impressed on the ciremt | I & 

or of the current actually i^LttoMeterBoaf 

passing through the instru- yiq, m. Pitot Tube. (Republic Flow Meter.) 
ments. 

Figure 631 shows the general assembly of the Pitot tube, which con- 
sist of two brass tubes with beveled edges, one facing the flow and the 
other facing the opposite direction, connected to corresponding reservoirs 
or condensers through a common tube holder. Pitot tubes are used in 
situations where the minimum flow in the pipe is sufficient to make a 


At to Meter Bo6f 


Fig. 631. Pitot Tube. (Republic Flow Meter.) 
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perceptible difference in pressure, and where the maximum flow does not 
exceed the range of the mercury column m the meter body. 

The orifice plate consists of a monel metal disc with a circular opening 
in the center. The disc is inserted between two flanges in the line and 
produces a contracted area 
in the stream of the flow, 
which in turn creates the 
necessary pressure difference 
for actuating the mercury 
column. The orifice has the 
advantage over the Pitot 
tube in that the pressure 
difference may be varied 



Fio. 632. Ori6fie Plate. (Republic Flow Meter.) 
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within certain limits for a given rate of flow by changing the size of 
circular opening. 

Figure 633 shows a section through the meter body of the Republic 
Flow meter, which, as will be seen from the illustration, consists of a 

mercury chamber, i sealing device, and 
an internal resistance element. 

General Electric Flow Meters, — The 
primary element in the G-E line 
of meters is cither an orifice tube, flow 
nozzle or Pitot tube, and the secondary 
clement consists of a specially designed 
U-tube mercury manometer in which 
the variations in mercury level are 
magnetically transmitted to the indica- 
ting and recording mechanism. Orifice 
tubes arc used only for pipes under 2 
in. in diameter; flow nozzles for pipes 
2 in. or more in diameter if the maxi- 
mum flow is too low to be accurately 
measured with Pitot tube and in cases 
where the steam carries boiler com- 
pound or foreign matter; and Pitot 
tubes where it is not convenient to 
use flow nozzles. 

Figure 635 shows the location of 
the flow nozzle with reference to the 
pressure attachments, the distances A and B varying with the internal 
diameter of the pipe. Figure 636 shows the general appearance of the 
orifice tube and Fig, 637 that of the Pitot tube or nozzle plug. Referring 



Fig. 633. 
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to Fig. 637, TT are the static openings or “ trailing set ’’ and LL the 
dynamic openings or “ leading set.” The plug is screwed into the pipe 



Fig, 634. Typical Arrangement of Republic Flow Meter in a Six-unit 
Boiler Plant. 



Fig. 635. Typical Flow-noz- 
zle Installation. (G-E 
Meter.) 
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Fig. 636. One-and-one-half-inch Orifice Tube. 
(G-E Meter.) 


with the leading set directly facing the current, and connections to the 
manometer are made through openings T and L. 

The secondary elements of the mechanically operated device consist of 

a plain indicating mercury 
manometer graduated in 
inches where a portable 
testing device is desired, 
and a stationary dial-indi- 
cator, a combined indica- 
ting and recording, or a 
combined indicating-record- 
^ ^ ' mg-integrating device for 

permanent installation. The general principles of the secondary element 
of the stationary indicator mechanism are shown in Fig. 638. A small 
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float resting on the top of the mercury in one leg of the U-tube is 
attached to a rack which engages a pinion mounted on a shaft. The shaft 
on which the pinion is mounted carries a small horseshoe magnet with its 
pole faces near and parallel to the inside of a copper plug fastened to the 
body of the meter. A small magnet is mounted on pivot bearings in such 
a manner that its poles are near and 
parallel to the outside surface of the 
copper plug, and its axis of rotation 
in line with the shaft carrying the 
magnet inside the case. The indica- 
ting needle is attached directly to 
this magnet. By means of the rack 
and pinion, the pulley (tarrying the 
magnet inside the body is rotated in 
proportion to the change of level of 
the mercury. Any motion of this 
magnet is transmitted magnetically 
to the outside magnet carrying the 
indicating needle. 

In the G-E mechanically operated 
indicating recorder, the dial is a cir- 
cular chart revolved by a spring- 
driven or synchronous-motor electric 
clock, and the positions of the indi- 
cator are recorded as a continuous line 
on the chart. Since the deflection of 
the indicating needle varies directly 
with the height of the mercury 
column and the latter varies with the 
square of the velocity, it is evident 

that the ordinates of the chart do 03 ^. Meter Body. (G-E 

not vary directly with the velocity; Type F-12.) 

therefore, in integrating the chart for 

calculating total flow, a special type of radial planiinetcr is required. 

The meter body of the mechanically operated indicating-recording- 
integrating instrument differs from the others previously described in 
that the rack is of circular construction and the magnets are semi-circular 
in shape. The integrating mechanism consists of a cam mounted on the 
same shaft and turning through the same angle as the indicating pointer. 
This cam limits the upward movement of an oscillating arm in proportion 
to the rate of flow. The arm is oscillated back and forth once every 
minute by a small clock-operated heart-shaped cam. A ratchet mechan- 
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ism at the pivot of the arm revolves the registering glass, and dials an 
amount proportional to the displacement of the arm. The ratchet is 
arranged so that only the upward movement of the arm actuates the 
registering gears. 

Figure 639 gives a diagrammatic view of a G-E electrically operated 
flow meter. The primary device consists of the same design of orifice 
tube or flow nozzle as for tlie mechanically operated instrument. The 
secondary device consists of a cast-iron meter body and is essentially a 
mercury manometer in which the base, or mercury well, forms one leg 
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When there is no flow of gas or fluid through the main pipe, the electrical 
instruments indicate the excitation current and the zero readings on the 
instruments and meters are suppressed, so that zero flow corresponds 
to this excitation current. When the gas or fluid flows through the pipe 
there will be a differential pressure produced by the flow nozzle, which 
causes the mercury in the meter body to rise in the transformer leg and 
fall in the base until the unbalanced column balances the differential 
pressure. 

As this mercury ring rises around the primary coil of the internal trans- 
former, more and more current is induce^^ in it. This current must be 
supplied through the primary circuit, the action being similar to pouring 
mercury in the fiber cup as previously described. 

If properly calibrated, the electrical instruments will accurately measure 
the height of mercury in the 

small leg of the U-tiibc contain- A pjn 

ing the internal transformer, „ „ ^ Iri n-n ii rr^ 

which height is a function of I Bearing 

the flow of gas or fluid in the ^ 

Bailey Fluid Meiers, — Figure ^ 

640 shows a section through ^ 

the meter body of a Bailey I^Mewnry 

fluid meter, the primary element ! _ [||i -l- | Reservoir 

of which is of the thin-plate I |® il weight 

orifice type, and the secondary | |F rf I 

element a mercury manometer :S || I J casing 

actuating a beir’ float. The ; ' JIJI I 

higher pressure is applied at Pi M I 

and the lower pressure -at P2, SSI 

through small tubes or pipes. 

The interior of the ^‘bell cas- 

ing ” is subjected to pressure Section through Meter Body of 

P 2 , and the interior of the rner- Bdiloy Muid Meter, 

cury-sealed “ bell is subjected to the higher prossuic Pi. This difference 
in pressure pushes the bell upward, and, as it rises from the mercury, the 
change in the buoyant action of the mercury on the walls of the bell 
balances the force due to the pressure difference. The shape of the bell 
and thickness of wall and weight are designed so that the lift is directly 
proportional to the rate of flow through the orifice. This gives a direct- 


-"Mewnry 

Reservoir 


Fkj. 640. 


Section through Meter Body of 
II Ihiiloy Fluid Meter. 


reading chart with uniform graduations and simplifies the design of the 
integrating mechanism. The principles of the totalizer are shown in Fig. 
641. P is a small friction wheel mounted on a shaft (the position of which 
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is controlled by the displacement of the bell) and pressing against the 
surface of a clock-driven friction disc F. The rotations of R are trans- 
mitted through suitable gearing to the registering dials D, When there 

is no flow the friction wheel 
is at the center of the disc 
and is at rest. As soon as 
a flow begins, the displace- 
ment of the bell moves the 
gear away from the center 
and its speed of rotation is 
Fig. 641. Totalizing Mechanism. (Bailey Meter.) increased directly in pro- 
portion to the distance. 
Since the movement of the support carrying gear R is directly propor- 
tional to the rate of flow, it follows that the number of revolutions is 
a direct measure of the total quantity for the time element involved. 



Cochrane Meter, — Figure 642 
gives a diagrammatic outline of 
the principles involved in the 
Cochrane flow meter. The 
primary element is a thin, 
sharp-edged orifice which can 
be installed inside the bolts be- 
tween the flanges in the pipe 
line. The pressure difference is 
transmitted through suitable 
piping to the secondary cle- 
ment, which is essentially a 
U-tube mercury manometer 
mounted on knife edges. When 
there is no flow, the mercury in 
both legs of the manometer is 
at the same height and the sys- 
tem is in equilibrium. As soon 
as there is a flow, the mercury 
rises in one leg and falls in the 
other, causing the manometer 
to tilt in the direction of the 
greater weight. This motion 
is transmitted to the indicating 
dial or recording pen. The 



tilting is resisted by a cam attached to the U-tube beam and bearing 
against a flat metallic strap. The cam is so shaped that the tilting is 
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directly proportional to the rate of flow and permits the use of direct- 
reading charts with uniform graduations. The entire secondary element 
is housed in a casing 21 in. in diameter by 8 in. deep. This instrument 
is made to indicate and record, but no integrating attachment is provided. 
Corrections for change in density are made by applying correction 
factors ” to the chart readings. 

Hyherho-Electric Flow Meter, — In this type of dynamic flow meter, the 
pressure difference is effected by a specially shaped elbow having a rec- 
tangular hyperbolic section, preceded by an approach bell and straighten- 
ing grids. The manufacturers claim that a stream-line flow is produced 
by the grids and elbow and the relation between pressure and centrifugal 
force is fixed; and because of the dependence of centrifugal force upon 
velocity, the relation between pressure and velocity is also fixed. The 
secondary element is a mercury manometer in 
which the variations in level of the mercury 
are transmitted electrically to the indi(;ating, 
recording, and integrating devices. By means 
of a Wheatstone bridge and a relay mechanism, 
the measurements of flow are indicated, recorded, 
and totalized through the agency of suitable 
electrical instruments. Connections for pres- 
sure and temperature (if the steam is super- 
heated) are automatically compensated for by 
variations in the resistances of the bridge. 

St, John’s Meter, — Figure G43 represents a 
section through a St. John\s steam meter, illus- 
trating a well-known design of area meter of 
the orifice and plug type. This meter was 
placed on the market about the year 1905 and 
still finds favor with many engineers. It records 
the weight of steam passing through the seat 
of an automatic lifting valve which rises and falls as the demand for 
steam increases or diminishes. 

Referring to the illustration, valve V is weighted so that a pressure in 
space A 2 lb. greater than that in B is necessary to raise the valve off its 
seat. This pressure difference is constant for all positions of the valve. 
The plug is* tapered so that the rise of the steam pressure is directly pro- 
portional to the volume of steam flowing through the seat. The move- 
ment of the valve is transmitted through suitable levers to an indicating 
dial and a recording pen, so that the instantaneous and continuous rate 
of flow may be read at a glance. For a given pressure and quality of 
steam, the indicating dial and chart may be calibrated to read the weight 



Fia. 643. St. John’s Steam 


Meter. 
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Fia. 644. 
of the Bourdon Pres- 
sure Gage. 




of discharge directly, corrections being made for variations in pressure and 
quality. The manufacturers guarantee the readings of the chart to be with- 
in 2 per cent of condenser measurements for a total pressure range of 10 lb. 
from the mean pressure at which the chart is calibrated. The chief draw- 
back to this instrument is inherent in all meters of the direct type in that 
they are bulky and the steam line must be taken down for the installation. 

343. Pressure and Draft Gages. — The Bourdon type of gage, either 
indicating, Fig. 644, or recording, is the most familiar and satisfactory 
* means of measuring pressures up to 1500 

lb. per sq. in. or more, although a number 
of successful high-pressure gages are 
a(?tuated by diaphragms. The Bourdon 
type is also available for measuring very 
low pressures and vacua, hut the mercurial 
vacuum gage has the advantage of greater 
acjcuracy and is not subject to derange- 
ment. High-pressure gages of the Bourdon, 

Prls! diaphragm, or spring type, should be 
fretpiently standardized since they are 
subject to error through use. 

For furnace draft and other low-pressure measurements, 
there are a number of successful instruments on the market 
which depend for their action upon gravity, sylphon bellows, 
weighted diaphragms, and floats. The simplest and most 
inexpensive type of indicating device for low pressures or 
low-pressure differentials is some form of licjuid manometer. 

These manometers are available in a wide range of sizes and 
designs, from a plain vertical U-tube, Fig. 645, up to an instru- 
ment 30 in. in length and reading directly to 1/10-in. incre- 
ments, and to inclined gages. Fig. 646, giving total pressures 

of 1/2 in. of water and graduated 
to read to 0.01-in. increments. Mer- 
cury, water, and oil are the liquids 
usually employed. The sensitiveness 
of these liquids to pressure changes 
are as follows (temperature of liquid 62 
deg. fahr.) : mercury 1, distilled water 
13.6, 120-deg. water-white kerosene 17. 
The height of a vertical column of these 
liquids (temperature 62 deg. fahr.) which will balance a pressure of 1 lb. 
per sq. in. is as follows: mercury 2.04 in.; water 2.31 ft.; kerosene 2.88 ft. 
By means of a suitable float, pen arm, and revolving clock, the U-tube 


w 

Fig. 646. 
PlainU-tube 
Manometer. 



Fig. 646. Ellison Differential 
Draft Gage. 
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Fig. 647. 
Uehling Re- 
cording Vac- 
uum Gage. 


manometer may be designed for recording purposes as in Fig. 647. The 
differential readings may also be multiplied by means of suitable linkage, 
as for example, in the General Electric steam meter, Fig. 638. 

For very low pressure differences a compound liquid gage, 
such as the Wahlen, is sometimes used, but this is more 
of a laboratory than a power plant instrument. 

The sylphon bellows offers a sensitive and reliable means 
of indicating and recording small pressure differences, and 
dispenses entirely with the use of liquids. The Precision 
line of draft ge'^es, Fig. 648, are 
based upon this principle and are 
constnicted in single and multiple 
units, indicating and recording. 

Figure 649 illustrates the general 
principles of the Bailey recording 
draft gage, which is of the bell-float 
type. Two bells A and B are sus- 
pended from opposite end of a 
beam (which is pivoted on knife- 
edge bearings) and are partly submerged in a 
light non-volatile oil as indicated. In measuring 
pressures less than atmospheric;, connection is 
made at A, and Pi is 
left open to the atmos- 
phere. For pressures 
above atmospheric;, coii- 
ne(;tion is made at Pi, 
and P 2 is left open. 

For measuring the dif- 
ference of two pressures, 
the higher pressure is 
applied at Pi and the lower at P 2 . If a slight suc- 
tion pressure is applied at P 2 , it is effective over the 
inside area of bell A and pulls it down into the 
liquid. The relative motion between bells A and 
B is transmitted through levers L and pen arm 
P to the recorder pen. This instrument may be 
designed to record pressures or pressure differencjes 
as low as 0.001 in. of water, though such low-pressure differential readings 
are subject to serious error because of the many influencing factors. 




Fig. 648. Precision ^‘8 in 1 
Indicating Draft Gage. 



Fig. 649. Bailey Record- 
ing Draft Gage. 


Measuring High Pressure with Dead Weight: Power, Feb. 26, 1916. 

Combined Barometer and Vacuum Recorder: Power Plant Engrg., Feb. 15, 1923, p. 250. 
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344. Temperature Measurements. — The various types of thermom- 
eters and pyrometers which are available for measuring tempetatures are 
outlined in Table 107. The temperature ranges given are the extremes 
for which the various types have been constructed, and while certain 
types are capable of measuring the entire range they are not necessarily 
suitable for all purposes. 

The engraved or etched-stem mercurial thermometer is commonly used 
for special testing or laboratory purposes where the temperatures do not 
range beyond —35 to +900 deg. fahr. Only high-grade nitrogen-filled 
instruments should be used for temperatmes over 
400 deg. fahr. On account of their fragile con- 
struction and the difficulty of reading the scale, 
they are little used in power plants for permanent 
locations. The industrial type of glass thermome- 
ter, Fig. 650, while not as sensitive as the bare- 
bulb, is characterized by a heavy metal back and 
protecting tube for the bulb, large and distinct 
figures, and graduation marks, and threaded con- 
nections for attaching the instrument readily and 
firmly to some part of the apparatus. The etched- 
stem and industrial type of glass thermometers are 
indicating only, and must be placed close to the 
point where the temperature is to be taken. The 
errors in measuring temperatures with this class of 
thermometer are due, ordinarily, not so much to 
inaccuracies of the instrument as to the location 
and method of installation. 

For indicating or recording purposes, the elec- 

Ti. oen T j X • 1 m trical, prcssurc, or bimetallic type of instrument is 
Fig. 650. Industnal Type / ^ x-r • i x/i 

of Mercury -in -glass employed. Instruments utilizing the electrical or 

Thermometer. pressure principle permit of distant reading, but 

the bimetallic thermometer is the same as the 
mercurial glass instrument in this respect. 

The thermoelectric thermometer or pyrometer has come into wide use 
as a reliable means of measuring temperatures from 100 to 2900 deg. 
fahr. It consists essentially of three parts: (a) the thermocouple of two 
different metals or alloys having a fused end (the hot junction), which is 
inserted where the temperature is to be taken, and the cold junctions 
which are opposite to the hot junction and which are maintained at some 
fixed temperature; (6) the indicator, which is either a millivoltmeter, a 
potentiometer, or a special type of instrument embodying both of these 
principles; and (c) two lead wires, usually of copper, connecting the cold 
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junctions of the thermocouple with the indicator. For obtaining con- 
tinuous temperature-time curves, a recorder, operating on the same prin- 
ciples as the indicator, is used in place of the latter. In many cases, it is 

TABLE 107 

TYPES OP THERMOMETERS IN GENERAL USB 

Range in deg. fahr. 

Principle of Operation Type for which they 

can be used 

Expansion Those depending on the Gas —400 to +2900 

change in volume or Mercury, Jena glass, and —35 to +960 
length of a body with nitrogen 

temperature. Glass and petrol ether. —325 to +100 

Unequal expansion of metal 0 to 950 
rods. 

Transpiration and vis- Those depending on the The Uehling 0 to 2900 

coBity. flow of gases through 

capillary tubes or small 
apertures. 

Thermoelectric Those depending on the Galvanometric +100 to +2900 

electromotive force de- 
veloped by the differ- 
ence m temperature of 
two similar thermoelec- 
tric junctions opposed to 
one another. 


Electric resistance Those utilizing the in- Direct reading on indicator —330 to +1300 

crease in electric resist- or bridge and galvanometer 

ance of a wire with 

temperature. 

Radiation Those depending on the Thermocouple in focus of 300 to 4000 

heat radiated by hot mirror. 

bodies. Bolometer. —400 to Sun 

Optical Those utilizing the Photometric comparison. | 


change in the bright- 
ness or in the wave Incandescent filament 1100 to Sun 

length of the light in telescope, 

emitted by an incan- Nicol with quartz plate 
descent body. and analyzer. 

Calorimetric Those depending on the Platinum ball with water 32 to 3000 

specific heat of a body vessel, 
raised to a high tem- 
perature. 

Fusion Those depending on the Alloys of various fusibilities. 32 to 3350 

unequal fusibility of (Seger cones.) 

various metals or earth- 
enware blocks of varied 
composition. 

desirable to install both instruments as illustrated in Fig. 651. The 
thermocouples most frequently used are composed of platinum and plati- 
num-rhodium (rare-metal) and chromel-constantan, copper-constantan, 
iion-constantan and chromel-alumel (base metals). The rare-metaJ 
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Fig. 651. 


Elements of a Typical Thermoelectric 
Pyrometer. 



l-»'a«Mnd«ryTube loBulitln* l^b. Th'«cino«l«inent WkM 

Fig. 652. Engelhard Rare-metal Thermocouple with 
Protecting Tubes. 


couples are suitable for temperatures up to 2900 deg. fahr., chromel- 

alumel up to 1800 deg. fahr., 

I Indicator iron-constantaii up to 1660 

deg. fahr., and copper-con- 
stantan up to 1400 deg. fahr. 
When the hot junction ” of 
the thermocouple is heated, 
an electromotive force is set 
up which is a function of the 
temperature difference be- 
tween its hot junction and its cold junction. The maximum e.m.f. de- 
veloped by most base- 
metal couples, when 
operated at the high- 
est safe working tem- 
perature, is somewhat 
less than 70 milli- 
volts, and the plati- 
num and platinum-rhodium couple develops an e.m.f. of about 16 millivolts. 

In order to measure such small e.m.f.^s, a very 
sensitive galvanometer is required. Two types 
of instruments are used for this purpose, (1) the 
conventional millivoltmeter and (2) the poten- 
tiometer. Low-resistance millivoltmeters are 
more rugged and cheaper than the high-resist- 
ance instruments, but are subject to greater 
errors in case of change in circuit resistance. 
The latter are preferred where the leads are 
long and subject to considerable temperature 
variation. In either case, the temperature at 
the cold junctions must be kept constant 
where accuracy is essential, otherwise the read- 
ings will be in error. This is due to the fact 
that the e.m.f. developed by a thermocouple 
depends upon the temperature difference be- 
tween its hot junction and cold junctions. 
Thus, for a constant hot-junction temperature, 
„ , the e.m.f. will increase or decrease with decrease 

with Cold-end Extension or increase m temperature of the cold junction, 
in Circuit and Cold June- Corrections for variations in temperatures at the 
tion Buried in Ground. junctions may be made by use of compen- 

sating lead wires of practically the same material as the thermocouple 


lodlcatOE 
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terminating in a thermostatic cold-junction box or buried under-ground 
as shown in Fig. 653. 

The most accurate method for measuring the e.m.f. of a thermocouple 
is by use of a potentiometer, the fundamental principle of which is illus- 
trated in Fig. 654. A constant current from the battery B flows through 
the slide-wire resistance ahc. One 
wire of the couple T is connected to 
the movable contact h and the other * 
wire in series with a sensitive gal- 
vanometer is connected to a. The JcZI 
contact h is moved until the gal- 
vanometer reads zero, thus showing 



c pAAAA' 


!^X^AA/^AAAAAA] 




that no current is flowing through „ ... . 

the thermocouple circmt. When Potentiometer Indicator, 

this' balance of zero setting is made, 

the true e.m.f. of the couple is equal to the potential drop across ah. 
The calibration of the scale is in no way dependent upon the constancy 
of magnets, springs, jewel bearings, level of the instrument, or varia- 
tion due to ordinary changes in the resistance of the couple or of the 
lead wires. The entire potentiometer, galvanometer, battery, standard 
cell, slide wires, etc., as constructed, are mounted in a case not much 
larger than that of a milli-voltmetcr. Indicating potentiometers are 

greater in cost than other types of in- 
struments used for this purpose, and 
usually require manual adjustment for 
each setting. In the recorders the 
adjustment is automatic. 

Figure 655 shows a form of pressure 
thermometer which is used extensively 
for indicating and recording tempera- 
tures ranging from —60 to +1000 deg. 
fahr. It depends for its operation upon 
the pressure produced by a liquid or 
gas contained in a small bulb and 
exposed to the temperature to be 
Fig. 655. laical Pr^sure-typeThcr- The pressure is transmitted 

to the indicating or recording mech- 
anism through a flexible capillary tube. The indicating or recording 
element is ordinarily a pressure gage of the Bourdon-tube t 3 T)e, but 
diaphragm and liquid-manometer gages are also employed. The non- 
vaporizing liquid type is commercially limited to temperature ranges 
of —60 to -|-200 deg. fahr. with a length of connecting tubing not exceed- 
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ing 25 ft. The vaporizing liquid type is intended for temperatures ranging 
from +50 to +400 deg. fahr. with tubing lengths up to 300 ft. The 
gas-filled type is intended for temperatures ranging from +120 to +1000 
deg. fahr. with tubing lengths up to 500 ft. 

The resistance which most metals offer to the passage of an electric 
current through them varies with the temperature, a wire of given di- 
mensions having a higher resistance when hot than when cold. By 
measuring the resistance of a doil of wire, an indication may be had of 
its temperature or that of the substance in which it is placed. The instru- 
ments used for measuring the resistance consist essentially of a Wheat- 
stone bridge and a galvanometer. These instruments are either indicating 
or recording. Electric-resistance thermometers are suitable for accurately 
measuring temperatures from —330 to +1300 deg. fahr. and have the 
advantage over thermocouples in that any number of thermometer bulbs 
may be connected to an indicator by using a corresponding number ot 
switches, and the scale of the instrument may be calibrated to cover 
any part of the total temperature range of the system. The distance 
between the thermometer bulbs and instruments may be as much as 
several hundred feet, provided there is little temperature variation in 
the leads. 

For higher temperatures and for obtaining the temperatures of inclosed 
^ces above about 2500 deg. fahr., such as boiler furnaces, annealing 

ovens, and kilns, various forms 
of optical and radiation py- 
rometers have been devised. 
In such devices no part of the 
instrument is exposed to the 
temperature to be measured 
and hence the apparatus suf- 
fers no injury from this cause. 
Optical pyrometers are based 
upon the measurement of the 
brightness of the hot body by 
comparison with a standard. 
The Leeds and Northrup optical pyrometer is shown in Fig. 656. The fila- 
ment of a small electric lamp, F, is placed at the focal point of an objective 
L and ocular or eye piece. The assembly forms an ordinary telescope, 
which superposes upon the lamp the image of the sources viewed. Red 
glass is mounted at the ocular to produce approximately monochromatic 
light. In making a setting, current through the lamp is adjusted by 
means of a rheostat until the tip or some definite part of the filament is of 
the same brightness as the source viewed. The relation between current 



Fig. 656. Leeds and Northrup Optical 
Pyrometer. 
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^To Oftlvanometer 


through the lamp and temperature is either calculated or read from a 
table furnished by the manufacturers. 

Other popular makes of optical pyrometers are the Wanner,” ** Shore 
Pyroscope,” Scimatco,” “ F and F,” and “ Holborn-Kurlbaun.” 

Radiation pyrometers depend upon the measurement of the heat 
radiated from the hot body. The F4ry radiation pyrometer, Fig. 657, is 
the best-known instiument of this type. When it is focused upon the 
source of heat, a cone 
of rays of definite 
angle is reflected by 
means of the mirror 
upon a thermocouple 
located in its focus. 

The electromotive 
force set up is meas- 
ured in terms of 
the temperature of 
the source of heat 
by a millivoltmeter. 



Rack and 
Pinion 


Fig. 657. F6ry Radiation Pyrometer. 


Neither the couple nor any part of the instrument is ever subjected 
to a temperature much above 150 deg. fahr. The indications are prac- 
tically independent of the distance from the source of heat, and the range 
is without limit. Other makes of radiation pyrometers are the Thwing ” 
and the Foster.” 

The Uehling pyrometer depends for its operation upon the flow of gas 
between two apertures, thus: Air is continuously drawn through two 
apertures by a constant suction produced by an aspirator. So long as 
the air has the same temperature in passing through these orifices, there 
is no change in the partial vacuum in the chamber between them; if, 
however, the air passing through the first opening has a higher temperature 
than that passing through the second, the vacuum in the chamber will 
increase in proportion to the difference in temperature since the volume 
of air varies directly with the temperature. In the application of this 
principle, the first aperture is located in a nickel tube which is exposed to 
the heat to be measured, while the second aperture is kept at a uniform 
lower temperature. This style of pyrometer is made to indicate and 
record, and the indicating and recording mechanism can be placed at a 
distance from the main instrument. 

Bimetallic thermometers utilizing the turning moment produced by the 
differential expansion of two metals brazed together, or the linear differ- 
ential expansion of two rods having different coefficients of expansion are 
used for certain industrial processes where the temperatures range from 
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—40 to +600 deg. fahr., but are not much in evidence in the power house. 
The bimetallic principle, however, is used in a number of automatic tem- 
perature-controlling systems. 

PyramMric Practice: U. S. Bureau of Standards, Technologic Paper No. 170, Feb. 
16, 1921. 


3i5. Power Measurements. — Instruments for the measurement of 
power may be divided into two general classes, direct and indirect. The 
former involve the direct measurement of force and linear velocity or 
torque and angular velocity, and the latter give the equivalent in other 
forms of energy. Direct power-measuring appliances include the various 
speed indicators, transmission and absorption dynamometers; and the 
indirect include ammeters, voltmeters, watt-hour meters, boiler-flow 
meters, and the like. In all power measurements the time or speed 
factor is readily determined, but the force or torque factor, or equivalent, 
often involves considerable labor and the use of costly and complicated 
apparatus. The various conversion factors for the measurement of work, 
power, and duty are given in Appendix A. 

346. Measurement of Speed. — The following chart gives a classifica- 
tion of a number of well-known instruments for determining linear and 
angular velocities. 


Counters 

Tachometers or 
Speed Indicators, 

Chronographs 


Hand 

Continuous 

Centrifugal 

Electrical 

Resonance 

f Electromagnetic 
\ Tuning fork. 


Worm and wheel, 
f G(^ar train. 

\ Electrical, 
f Weights. 

I Liquids. 


Frahm^s^ 


The most commonly used device for speed determinations is the hand 
speed counter, consisting of a worm, worm wheel, and indicating dials. 
The errors to be corrected are principally those due to slipping of the 
point on the shaft, and to the slip of the gears in the counting device in 
putting in and out of operation. In some of the better grades of instru- 
ments, the gears are engaged or disengaged with the point in contact with 
the shaft. In the latter design a stop watch, actuated by the disengage- 
ment gear, minimizes the error likely to occur in hand manipulation. 

The continuous counter consists of a series of gears arranged to operate 
a set of indicating dials. It may be operated by either rotary or recipro- 
cating motion. The rate of rotation is calculated from the readings of 
the counter. 

All tachometers indicate directly the speed of the machine to which 
tiiey are attached and are independent of time determination. The most 
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commonly used devices depend upon the centrifugal force of revolving 
weights for their operation. The indicating needle is attached to the 
weights in such a manner that the number of revolutions per minute is 
read directly from the position of the neudle on the dial. These instru- 
ments should be calibrated for accurate work because of the number of 
wearing parts. 

Fluid tachometers consist essentially of smell centrifugal pumps or 
blowers discharging into a suitable type of manometer. The height of 
the indicating column is a function of the speed of rotation. The applica- 
tion of this type of tachometc'r is found in the Bailey recording stoker 
tachometer. In this particular design the suction side of a small centrif- 
ugal blower is attached to one bell and the discharge to the other bell of a 
Bailey draft recorder. 

Electrical tachometers are miniature d3mamos, the voltage being a 
iileasure of the speed of rotation. These instruments are accurate and 
readily attached but necessitate the use of a delicate and costly voltmeter. 
The indicating mechanism may be placed at any distance from the small 
dynamo and in this respect has a marked advantage over the other types 
of speed indicators. 

The resonance tachometer affords a convenient method of measuring 
speeds over a wide range. It consists of a number of steel reeds of differ- 
ent periodicity mounted side by side on a suitable frame. When used to 
measure the speed of an engine or turbine, the instrument is placed on or 
near the bed plate or frame and the slight under or over balance causes 
the proper reed to vibrate in unison. 

347. Steam-engine Indicators. — This subject has been extensively 
treated by various authorities and a general discussion would be without 
purpose. For indicated horsepower, testing indicator springs, and analysis 
or indicator diagrams see Rules for Conducting Steam Engine Tests,’' 
A.S.M.E. Code of 1925. 

348. Dynamometers, — Dynamometers for measuring power are of. 
two distinct types, absorption and transmission. In the former the 
power is absorbed or converted into energy of another form, while in the 
latter the power is transmitted through the apparatus without loss, 
except for minor friction losses in the mechanism itself. 

The ordinary Prony brake is the most common form of absorption 
dynamometer. In the various forms of Prony brakes, the power is ab- 
sorbed by a fric tion brake applied to the rim of a pulley. For low rubbing 
speeds and comparatively small powers it affords a simple and inexpensive 
means of measuring the actual output. 

The Alden absorption dynamometer is a successful form of friction 
brake and has a wide field of application. It has been constructed in 
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large sizes and is adapted to all practical ranges of speed. For a descripn 
tion of rope brakes and the Alden absorption dynamometers see Appendix 
No. 19, p. 179, A.S.M.E. Code of 1915. 

Water brakes are finding mucli favor with engineers for high-speed 
service. There are two types, the Westinghouse and the Stumpf. In 
the former, the rotor consists of a simple drum with serrated periphery, 
revolving in a simple casing, the inner surface of which is serrated in a 
manner similar to the rotor. The resistance is produced by friction 
and impact, and the power is converted into heat which is carried away 
by the circulating water. The casing is free to turn about the shaft 
but is held against rotation by a lever arm. The torque of the lever 
arm is determined as in a Prony brake. A brake of this design, 2 ft. 
in diameter and 10 in. wide, will absorb about 3000 hp. at 3500 r.p.m. 
In the Stumpf type, the rotor consists of a number of smooth discs mounted 
side by side on a common shaft. The casing is divided into a number of 
compartments corresponding to the division of the rotor. There is no 
contact between rotor and casing. The friction between the discs and 
water and the water and casing tends to rotate the latter and the torque 
is measured in the usual way. In either type, the power output is readily 
controlled by the water supply. 

Pump brakes and fan brakes are also used as absorption dynamometers. 
The latter are commonly used in connection with automobile engine 
testing. 

Electromagnetic brakes are occasionally used for power measurements. 
They consist essentially of a metal disc or wheel revolving in a magnetic 
field. The resistance or drag tends to revolve the field casing and the 
torque is measured in the usual way. 

An electric generator mounted on knife edges forms the basis of the 
Sprague electric dynamometer. The prime mover drives the armature 
of the generator and the reaction between armature and field is counter- 
balanced by suitable weights. The output is conveniently regulated by 
a water rheostat. 

Transmission dynamometers are seldom used for testing prime movers 
and are ordinarily limited to small power measurements. In some in- 
stances, however, as in marine service, transmission dynamometers afford 
the only practical means of approximating the net power delivered to 
the propeller. For comparatively small power measurements may be 
mentioned the Morin, Kennerson, Durand, Lewis, Webber, and Emerson 
transmission dynamometers, and for large powers, the Denny and Johnson 
electrical torsion meter and the Hopkinson optical torsion meter. For 
detailed descriptions of these appliances consult ^'Experimental Engi- 
neering,” Carpenter and Diederich&u Chap. X. 
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349. Flue-Gas Analysis. — It has been shown (paragraph 46) that the 
products of combustion, commonly called flue gases, resulting from the 
complete oxidation of coal with theoretical air supply, consist chiefly of 
nitrogen and carbon dioxide, with lesser amounts of water vapor and 
sulphur dioxide. It was also shown that with incomplete combustion 
the flue gases may contain carbon monoxide and varying amounts of 
hydrocarbon. If excess air were used in the combustion of the fuel, free 
oxygen would also be present in the gases. Evidently an analysis of the 
flue gases offers a basis for judging the efficiency of combustion. The 
first step in the analysis, and the most important one, is the obtaining 
of a representative sample. Since the gases in the breeching and flues 
may be far from homogeneous, great care must be exercised in getting a 
true average sample. (Sampling and Analyzing Flue Gases, U. S. Bureau 
of Mines, Bui. No. 97, 1915.) 

'The analysis as ordinarily made in commercial practice is called volu- 
metric, although in reality it is based upon the determination of partial 
pressures. According to Dalton’s laws, 
when a number of gases are confined 
in a given space each gas occupies 
the total volume at its own partial 
pressure, and the total pressure is the 
sum of all the partial pressures. 

When one of the gases is absorbed by 
a suitable medium and the remaining 
gases are compressed back to the 
original total pressure, a volume de- 
crease is found, and if the tempera- 
ture remains constant this decrease 
represents the volume absorbed. 

The apparatus usually employed 
for volumetric analysis consists of a 
graduated measuring tube into which 
the gases are drawn and accurately 
measured under a given pressure, and 
a series of treating tubes, containing 
the necessary absorbing reagents, into 
which they are transferred until 
absorption is complete. The Orsat 
apparatus, Fig. 658, forms the basis of nearly all of the portable 
appliances on the market for analyzing flue gases and the ordinary 
products of combustion. In this apparatus a measured volume, rep- 
resenting an average sample of the gas, is forced successively through 



Fig. 658. Orsat Apparatus (Hays 
Improved Gas Analyzer). 
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pipettes containing solutions of caustic potash, pyrogallic acid, and 
cuprous chloride in hydrochloric acid, respectively, thus absorbing the 
carbon dioxide, the oxygen, and the carbon monoxide, the contraction of 
volume being measured in each case. The exact process of measur- 
ing the gas sample, its transference to the pipettes and manipulation of 
the various valves differ with each design of apparatus and the instruc- 
tions of the manufacturer should be faithfully followed. For a com- 
prehensive discussion of analyses of flue gases in general, consult Analy- 
sis of Flue Gases ” by Henry Kreisinger and F. K. Ovitz, Bureau of 
Mines, Bui. No. 97, 1915. 

The Hempel apparatus works on the same principle as the simple form 
of Orsat apparatus described, so far as the latter is applicable, excepting 
that the absorption may be hastened by shaking the pipettes bodily, 
bringing the chemical into intimate contact with the gas. The Hempel 
apparatus is less portable and requires more careful manipulation than 
the Orsat, and for this reason is more of a laboratory than a power plant 
instrument. The absorption pipettes are made in sets, which are in the 
form of globes, and a number of independent sets 
are required for the treatment of the different con- 
stituent gases. A simple pipette of the Hempel type 
is shown in Fig. 658a. 

The standard Orsat apparatus is equipped for the 
analaysis of CO 2 , CO, and O 2 only, but some designs 
are on the market in which provision has been made 
for the analysis of illuminants, hydrogen, and methane 
in addition to these three 

gases. Gas 

For rough surveys or 
where there are but small amounts of CO, H, 
and hydrocarbons, no attempt is made to 
analyze other than the CO 2 . A number of 
small inexpensive portable devices are avail- 
able for this purpose, among which may be 
mentioned the ‘‘ Dwight,” ‘‘ Republic Flue 
Gas Analyzer,” '^Hays Single Pipette Gas 
Analyzer,” and “ Bacharach Pocket CO 2 
Indicator.” 

The general principle of the Dwight CO2 Indi- 
cator is illustrated in Fig. 659. It consists es- 659. Dwight CO 2 Indi- 
sentially of a small hard-rubber vessel equipped 

with a sensitive vacuum gage and partly filled with a solution of caustic 
potash. A film of oil seals the potash solution against contact with air or 




Fig. 658a. Hempel 
Pipette. 
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gas when the apparatus is not in use^ Operation is as follows: A sample 
of gas is introduced into the vessel by means of a rubber pump. The 
inlet valve and the valve connecting the gage with the vessel are closed. 
The vessel is then shaken violently so thi.t the oil film is broken and the 
gas and caustic thoroughly mixed. The volume of gas absorbed is in- 
dicated by the vacuum registered on the gage. 

The majority of CO 2 indicator recorders arc of the absorption type; 
that is, the measurements are controlled by the absorption of CO 2 by 
KOH, either liquid or granular. Among the well-known instruments of 
this type may be mentioned the “ Republic,” “ Hays,” “ Precision,” 


r Zero Adjusting Screw 
Mam Cylinder— 



Fkj, 660. “Rtipublic’^ r02 Recorder. 


Foxboro,” “ Tag-Mona,” and '' Uehling.” The motive power for 
actuating the mechanism may be steam, water, flue draft or electricity. 

Figure 660 shows a general assembly of the “ Republic ” CO 2 Recorder, 
which is representative of the absorption type. 

The pump A, located inside the case, draws the gas from the furnace 
through the indicator bottle and intake pipe B. The pump discharges the 
gas through tube C and pipe 7), which terminates in inlet tube E, This 
tube extends through the body of the measuring piston, terminating in- 
side the bottom opening G of measuring chamber F, The opening G is 
always sealed with the oil in the cylinder. 

The main cylinder is raised and lowered by means of a crank arm and 
gears driven by the motor. As the cylinder rises and the oil level reaches 
the end of tube E at 77, it traps a definite volume of gas in chamber F 
inside the piston. As the oil continues to rise it fills the measuring chamber 






S50 


STEAM POWER PLANT ENGINEERING 


and forces the contents of this chamber through the tube J and extension 
K into the tank containing potash solution under the entire length of the 
baffle plates and rises to the surface under flat M, This section absorbs 
all the CO 2 contained in the gas. The residue gas escaping through out- 
let L raises float M to a height corresponding to the amount of residue 
gas. At this time the main cylinder is at its highest position and has 
driven all the measured gas out of the chamber F through the potash and 
delivered the total residue under the float M. The pen registers the posi- 
tion of the float or the corresponding amount of CO 2 as further explained. 
The cylinder starts on its downward stroke, thereby releasing the residue 
gas and drawing in a new charge in the following manner: 

A seal tube, which forms a part of the main cylinder is attached to the 
cylinder at the base and extends upward to 1/2 inch above the top of the 
cylinder. The oil level in the tube is, therefore, the same as in the cylinder. 
The relief tube P leads from the top of the seal tube downward into the 
top of the potash tank at Q. As the cylinder recedes and the oil level 
drops below the end of the relief tube it permits the residue gas to pass 
into the atmosphere. As the cylinder recedes farther the oil level falls 
below H and communication is established again between chamber F and 
the gas line. The gas is drawn through tube E, entering the measuring 
chamber P, replacing the oil which flows downward into the cylinder. 
The cylinder starts on its upward stroke and repeats the operation. 

The pen mechanism is mounted on a bracket R carried on the front of 
the case. The friction wheel is carried on the main pen staff. Directly 
over it is the retainer T which holds the pen in position after the sample 
of gas is registered. 

When the main cylinder is at its high position and the float has been 
raised to its position, by the charge of residue gas, the cam mounted on the 
bell crank lifts the push rod and raises the retainer off the wheel on the 
pen staff. The pen is now free to rest on the stem of the float. Immedi- 
ately the cam passes the push rod and the retainer again rests on the 
friction wheel holding the pen in position until the next charge is registered. 

By means of an electrical attachment this machine may be used for 
remote reading. 

Flue Gas Measurements that Indicate Efficiency: Power Plant Engrg., Jan. 1, 1928, 
pp. 19-23. 

A New Illuminated’dial CO 2 Indicator: Mechanical World, Mar. 18, 1927, p. 197. 

Principles of COi Instruments: Power, Apr. 14, 1925, p. 587. 

Ranarex CO 2 Recorder: Power, Feb. 17, 1927, p. 275. 

A.S.M.E. Test Code on Instruments and Apparatus: A.S.M.Ei 29 W. 39th St., N. Y. 
City. 

Boiler and Turbine Room Instruments: Prime Movers Committee, N.E.L.A., Report 
No. 25-107. 
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Combustion Control Formulas: E. A. Uehling, Power, Jan. 3, 1928, p. 12 (Serial). 

Calcvlating Flue Gas Losses: Power Plant Engrg., Aug. 1, 1926, p. 12. 

The Uehling Composimeter is another successful instrument for con- 
tinuously recording the percentage of 
CO 2 in the flue gas. The principles of 
this apparatus are illustrated in Fig. 661. 

The device consists primarily of a filter, 
absorption chamber, two orifices, A and 
Bj and a small steam aspirator. Gas 
is drawn from the usual source, by 
means of the aspirator, through a pre- 
liminary filter located at the boiler, 
and then through a second filter as illus- 
trated in the diagram. From the latter 
the gas passes through orifice Ay thence 
through the absorption chamber and 
orifice B to the aspirator where it is 
discharged. The CO 2 is absorbed by 
the caustic potash solution in the 
absorption chamber. This reduces the 
volume and causes a change in tension 
between the two orifices in proportion Uehling 

to the CO 2 content of the gas. This 

variation in tension is indicated by the water column, as shown, and is 
transmitted by suitable piping to the recording mechanism which may 

be placed at a considerable 
distance from the boiler 
room. 

Figure 662 gives a dia- 
grammatic outline of the 
Engelhard Gas Analyzer 
which operates on the 
thermal conductivity basis 
and does away entirely with 
liquids and gas-absorbing 
reagents. The fundamental 
principle is that of compari- 
son of two resistance wires 
electrically heated, one sur- 
rounded by a standard or reference gas, the second by the gas being 
analyzed. These wires are connected into a Wheatstone bridge system 
as shown. Each of the two resistance wires, which are of 0.6 mm. diam- 
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eter platinum, are mounted in a heavy-wall copper tube of small inside 
diameter. When the two gases are identical in composition, both wires 
are at the same temperature and the bridge is in balance. If the thermal 
conduction of one gas is different from that of the other, there will be a 
temperature difference in the wires and this will effect an unbalanced 
condition of the bridge. This unbalanced effect may be indicated and 
recorded by suitable instruments calibrated to read directly in terms of 
the gas being analyzed. Electrical gas analyzers have so many advantages 
over the caustic or absorption type that it is safe to predict that they 
will eventually supersede the latter for continuous service, indicating or 
recording. Ranarex CO 2 Recorder, Power, Feb. 17, 1925, p. 275. 

350. Combination Instruments. — Instead of employing an individual 
dial or chart for each indicating or recording instrument, the various 
indications or graphs may be grouped in a single instrument. This 
not only makes it possible to visualize the simultaneous readings of pres- 
sures, temperatures, and the like, but also offers a means of increasing 
the efficiency of operation without a knowledge of the actual values of 
the quantities involved. For example, the heat loss in the dry chimney 
gas is a product of weight, mean specific heat, temperature of the air 
entering the furnace, and temperature of the flue gas. Since the mean 
specific heat is practically constant for the temperature range in practice, 
and that of the air entering the furnace varies within a comparatively 
narrow range, it is evident that the heat loss is primarily dependent upon 
the product of the weight and temperature of the flue gas. It has been 
shown that for a given class of fuel the per cent of CO 2 in the flue gas 
is an index of the weight of gas. Therefore, a single chart upon which 
the variation in CO 2 and flue-gas temperature is recorded is substantially 
a rclativc-cfflciency meter. Thus any change in the method of firing or 
operation which lowers the temperature reading and at the same time 
increases the CO 2 content (within the maximum per cent of CO 2 per- 
missible for the particular installation under consideration) will result 
in decreased stack losses irrespective of the actual temperature and CO 2 
content. 

The rate of flow of the flue gas for a given grade of fuel and a given 
boiler equipment is a function of the draft-pressure drop between fire 
box and uptake or between passes in the boiler, because the resistance 
of the^gas passages may be likened to an orifice. Therefore, a simple 
chart upon which the variation in draft-pressure drop and flue-gas tem- 
perature is recorded performs duties similar to those of the combination 
instrument previously described. 

The weight of air required for the complete combustion per lb. of a 
given grade of fuel is a definite amount, and the heat generated per lb. 
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of fuel is equally definite; therefore, for a boiler and furnace equipment, 
grade of fuel, and load, there is a definite relationship between steam 
output and air flow. An instrument giving combined readings of steam 
flow and air flow is therefore of value in maintaining efficient combustion 
at various ratings. 

In a similar manner, various readings may be combined on one chart. 
Accumulation of ash and soot on the tubes, leaky settings, and broken 
baflles will, of course, influence air flow readings based on pressure drops, 
and incomplete combustion may greatly offset the value of high CO2 
readings; but, taking all things into c msideration, these various types 
of combination or relative efficiency instruments have considerable merit 
and may be the means of effecting increased economy if properly installed 
and intelligently studied. 

Among the well-known instruments may he mentioned the following: 

Bailey Boiler Meter ^ combining, on a simple graphical chart readings 
of steam flow, air flow, and flue-gas temperatures, and in special cases, 
temperature of the ash leaving the grate. Fire-box draft indications may 
also be included. 

Republic Steam CO2 Recorder^ giving continuous records of the steam 
flow and CO2 content. 

Hays Automatic CO2 and Draft Recorder. 

Engelhard Combination CO2 and Flue-Gas Indicator-Recorder, 

351. Boiler Control Boards. — In the large modern central station, 
efficient operation of the various units composing the plant is greatly 



Fig. 663. Individual Boiler Fia. 664. Boiler Section Con- 

Control Board. trol Board. 


facilitated by grouping the testing instruments on a control board and by 
placing this board where it can be conveniently studied by the operating 
engineer. Figure 663 shows the individual control board as installed 
before each boiler unit in the Northwest plant of the Commonwealth 
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Edison Company of Chicago, and Fig. 664 shows the section control board 
for each turbine unit. The individual control board is mounted on the 
front of the boiler casing, and the section board is placed at the end of 
the battery of boilers near the wall dividing the boiler from the turbine 
room. With reference to Fig. 663, the two instruments at the top are 
steam-flow meters — one on each steam lead^ — with indicating, record- 
ing, and integrating attachments. These meters show the amount of 
steam delivered at any time by the boiler and give a complete record of 
its delivery. The three recording gages below show the temperature in 
uptake from the boiler, the temperature of the feedwater leaving the 
economizer and entering the boiler, and the temperature of the flue gases 
leaving the economizers. Below and at the left is a CO 2 recorder, while 
at the right-hand corner are two indicating draft gages, one connected 
to the furnace and the other to the uptake. With reference to the section 
control board, the two flow meters at the top measure the steam input 
to the turbine and the feedwater input to the boilers, respectively. The 
recording thermometers immediately below show the temperature of the 
steam entering the turbine and the temperature of the feedwater entering 
the economizer, respectively. Below these are two recording pressure 
gages showing the pressure on the steam header and on the boiler feed 
header, respectively, while in the center of the board is a clock and below 
that an indicating wattmeter showing the output of the turbo-generator 
unit which is direct connected to these boilers. Where automatic coal- 
weighing devices are in use, the individual control board includes the fuel- 
measuring dials. By the use of these instruments a very complete check 
is obtained of the performance of individual boilers of the entire unit. 

Steam Calorimeters. — Several forms of calorimeters are available 
for determining the quality of the steam. 
The simplest, as well as the most satisfac- 
tory, if the percentage of entrained mois- 
ture is not beyond its range, is the throt- 
tling calorimeter. Fig. 665. In this device 
the sample of steam, which is taken from 
the steam pipe by means of the. perforated 
nipple, is allowed to expand through a very 
small orifice into a chamber open to the 
atmosphere. The excess of heat liberated 
Fig. 665. Throttling Calorim- serves first to evaporate any moisture 

present and then to superheat the steam 
at the lower pressure. From the observed temperatures and pressures, it 
is easy to calculate, with the aid of steam tables, the percentage of mois* 
ture in the original sample. See para^aph 391. 
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The limit of the throttling calorimeter depends upon the steam pressure 
and is about 3 per cent of moisture at 80 lb. pressure and about 5 per 
cent at 200 lb. For steam containing greater percentages of moisture, 
the separating calorimeter, Fig. 666, is sometimes used. This instrument 
is virtually a steam separator and mechanically separates the moisture 
from the sample of steam. The water thus separated collects in a reser- 
voir provided with a gage glass and a graduated scale, while the dry steam 
passes through an orifice to the atmosphere. The weight of dry steam 
per unit of time is indicated on the gage, calculated according to Napier’s 
rule, or may be determined by condensing and weighing. The accuracy 
of the moisture determination is greatly affected by the difficulty of 
obtaining true samples of steam containing large percentages of moisture. 


n 


Fig. 666. Separating Calorimeter. 


Fig. 667. Universal Calorimeter. 


Figure 667 shows the Ellison universal steam calorimeter, which com- 
bines the separating and throttling principles and is adapted to steam 
of any degree of wetness. The separating chamber is provided with a 
gage glass, not shown, for indicating the weight of water which accumu- 
lates only when the steam is too wet to be superheated. 

Throttling Calorimeters: Power, Dec., 1907, p. 891; Trans, A.S.M.E., 17-151; 
175, 16-448; Engr. U. S., Feb. 15, 1907, p. 219. 

Separating Calorimeters: Trans. A.S.M.E., 17-608; Engr. U. S., Feb. 15, 1907, p. 219. 

Universal Calorimeter: Trans. A.S.M.E., 11-790. 

Thomas Electrical Calorimeter: Power, Nov., 1907, p. 791. 
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353. Fuel Calorimeters. — The analysis and heat evaluation of fuel 
require considerable time and skill and much costly apparatus; hence in 
most power plants it is customary to depend upon a specialist to whom 
samples are submitted from time to time. In many large stations, how- 
ever, the conditions often warrant the establishment of a testing labora- 
tory equipped for the proximate analysis of coal and the determination 
of the calorific value of the solid, liquid or gaseous fuel used. Calorimeters 
of the Mahler bomb type, Fig. 668, are the most accurate and satisfactory 
devices for solid and liquid fuels, but are comparatively expensive. These, 
instruments consist of a steel shell or bomb of great strength, lined 
with porcelain or platinum, into which a weighed sample of the fuel is 



I 


Fig. 668. Mahler Bomb Calorimeter. 

introduced and burned on a platinum pan in the presence of oxygen under 
a pressure of about 300 lb. per sq. in. The charge is ignited by an electric 
current. During combustion the bomb is submerged in a known weight 
of water, which is kept constantly agitated. The calorific value is calcu- 
lated from the observed rise in temperature due to the heat evolved, 
proper corrections being made for the water equivalent of bomb and 
appurtenances, for the heat given up by the igniting current, and for 
radiation or absorption of heat from the surrounding air. 

In the '' adiabatic design, radiation correction is made unnecessary 
by surrounding the inner water vessel with a water jacket, the tempera- 
ture of which is automatically maintained the same as that in the inner 
vessel. In some of the very latest designs, the inner water vessel is in- 
sulated by a vacuum jacket similar to a thermos bottle. 

The heat value of gaseous fuels is obtained by calorimeters of the 
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** Junker” type, which are essentially sn^all tubular gas heaters in which 
a very small temperature difference is maintained between the inlet and 
outlet water and the flue gas escapes at a temperature which is essentially 
that of the gas and air supply. 

354. Smoke Determination. — Smoke measurements may be either 
quantitative or relative. 

The most satisfactory method, at this writing, of determining the 
quantity of smoke passing through a chimney is that adopted by the 
Cliicago Association of Conunerce. A continuous sample of chimney 
gas is drawn from the stack by means of a special Pitot tube and exhauster, 
and the solid particles arc entrapped in a filter. The tube is so arranged 
that the rate of flow through the apparatus is the same as that in the 
chimney. Since the area of the tube opening bears a fixed ratio to that 
of the chimney, the weight of carbon, eindors, soot, ami the like caught 
iir the tube filter is a measure of the total weight emitted from the stack. 



No. I. No. 2. No. a No. 4 

Fig. 669. Ringelmann Smoke Chart (Greatly Reduced). 


Quantitative measurements are of considerable value in estimating the 
amount of energy lost in the production of visible smoke, but are seldom 
attempted in regular practice. 

There are several methods of determining smoke, relatively. The most 
common is that devised by Ringelmann, and is commercially known as 
the Ringelmann Smoke Chart. The chart, as commonly used, consists 
of a cardboard folder 12 by 2G in. over all. Four charts are printed on 
this folder, each chart consisting of 294 squares, 14 squares wide by 21 
squares in length, the width of the lines and spacings varying as follows: 


No. of Card 

ThicknftsB of liines, Min. 

Distunce in the Clear between 
Lines, Min. 

1 

1 

9.0 

2 

2.3 

7.7 

3 

3.7 

6.3 

4 

5.6 

4.5 
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At a distance of 50 ft. from the observer, the lines become invisible and 
the cards appear to be of different shades of gray, ranging from very 
light gray almost to black. The observer places the chart on a level 
with the eye (at the distance stated, and as nearly as possible in line with 
the chimney) and notes which card most nearly corresponds with the 
color of the smoke. Observations should be made at 15-second intervals 
and recorded as in Fig. 670. No smoke is recorded as No. 0, 100 per 
cent as No. 5, and the intermediate colors as indicated by the cards. 



Experienced observers often record in half-chart numbers. Although 
these observations depend upon the personal element, it is the opinion 
of the Chicago Smoke Department that only a little experience is neces- 
sary to effect consistent results with different observers. Observations 
are made on a given stack every 15 seconds throughout the entire day 
and the total smoke units arc recorded, from which the average smoke 
density for the entire period is calculated. 

A smoke unit ” is the equivalent of No. 1 smoke (Ringelmann scale) 
emitted for one minute. No. 1 smoke has a density of 20 per cent; No. 

2, 40; No. 3, 60; No. 4, 80; and No. 5, 100 per cent. Thus, if a stack 
emits No. 3 smoke for 6 minutes, 18 smoke units are charged against it. 

If this smoke was emitted during one hour’s observation, then 

3 X 6 X 20/60 = 6 per cent 

is the average density of smoke emitted during the period of observation. 

Smoke recorders which project a continuous stream of the chimney 
gases against a clock-operated chart, and in this manner automatically 
record the density of the smoke, are on the market but have found little > 
favor with engineers because of high first cost. 

One of the most successful instruments for showing the density of the 
smoke, and one which may be placed so that it is plainly visible to the 
fireman, is the Eclipse Smoke Indicator. This device may be likened 
to a periscope with one end connected to the stack or breeching and the 
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other placed at a convenient point in the firing aisle. An incandescent 
lamp with reflector is placed in the stack or breeching directly opposite 
the periscope opening and projects a beam of light across the stack or 
breeching. This beam of light is transmitted through the tube to the 
glass indicating dial in the boiler room. The intensity of the light is 
affected by the amount of visible smoke in the escaping gases and the 
variations are instantly shown on the indicating diaf. 

For a detailed analysis of the various types of instruments used in the 
power plant, consult Test Code on Instruments and Apparatus,*' A.S.M.E., 
29 W. 39th St., New York. 



CHAPTER XIX 


FINANCE AND ECONOMICS. — COST OF POWER 

355. General Records. — In many states, public utility corporations 
are required to submit an annual statement covering the various details 
of operation, and, in order to insure uniformity, ruled and printed forms 
are furnished by the state. The private plant owner, oq the other hand, 
is free to use his own judgment and may adopt any system of cost account- 
ing or dispense with it entirely. In all f)owcr plants, public or private, 
an itemized record of plant performance and cost of operation is of vital 
importance for the most economic results. 

The principal objects of keeping a system of records are (1) to enable 
the owner to accurately determine the power plant operating cost, and 
(2) to enable the operator to analyze the various records with a view of 
reducing all losses to a minimum. Power-plant records, to be of value, 
must be closely studied with a view toward improvements. The mere ac- 
cumulation of data to be filed away and never again referred to is a waste 
of time and money. 

Records should cover not only the daily, monthly, and yearly operation 
of the plant but also, as permanent statistics, a complete analysis of each 
item of equipment. The value of such data cannot be overestimated. 
The engineer will frequently find it greatly to his interest to have available 
the complete details of the renewable parts of the equipment when it is 
required to replace a broken or worn-out part in case of emergency. 

A number of attempts have been made to standardize power-plant 
records but the results have been far from satisfactory because of the 
wide range in operating conditions. Each installation is a problem in 
itself and the items to be recorded must necessarily depend upon the size 
and character of the plant. A common mistake is to attempt too com- 
prehensive a system, with the result that after the novelty has ceased 
the labor of making the various entries becomes irksome, many of the 
items are omitted, guesses are substituted in place of actual observations, 
and the records are ultimately without value. A few properly selected 
items, accurately recorded, are of vastly more importance than an elabo- 
rate system of records indifferently maintained. 

Walter N. Polakov, Trans. A.S.M.E.^ Vol. 38, 1916, p. 581, has pro- 
posed a standardization of power-plant operating cost '' by means of 
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which the owners of power plants can judge, without the necessity of 
going into technical details themselves, how closely the actual performance 
of the plant is to the possible minimum cost at any time or under any 
circumstances, all variable factors beyond operating control being auto- 
matically adjusted. Mr. Polakov shows the futility of attempting to 
judge any one plant by the performance of others having a different kind 
of equipment or of a different nature of service. Even where conditions 
appear identical, such comparisons do not offer a true measure of excel- 
lence. It is not so important to know that one\s plant is better than 
another as to know whether it is as good ns it can be. Mr. Polakov shows 
how this can be determined by the use of curves of '' standard costs,” 
the plotting and application of which arc explained in his paper before 
the American Society of Mechanical Engineers. 


TABLE 108 


PERMANENT STATISTICS 

General Informa noN 


Date of installation 

Type of building Oflico 

Number of floors 18 

Number of offices 900 

Volume of building, cu. ft.. , 10,860,000 

Type of heating system . . . Webster 

Engine room, sq. ft (5,840 

Height of chimney, ft 318 

Draft, m. of water 3 5 

Kind of grate or stoker { '/ynderfopd 

Kind of coal ... . . 111. scrceiungs 

Coal storage capacity, tons . . 450 

Capacity ice plant, tons ... 50 

Capacity storage battery, 

am. hr None 

Total cost of building. . . . $5,000,000 


Ground plan 191 X 231 

Rentable floor space, sq. ft. . 400,(X)0 

Height of building, ft. . . . 280 

No. of sides exposed .... 3 

Radiator surface, sq. ft. ... 100,000 

Glass surfacjo, sq. ft 100,000 

Boiler room, sq. ft 5,400 

Number of elevators 22 


iSttr"" 

Capacity of elevators, lb., 

each 2,700 

Boih'r pressure . . 160 

Back pressure Atmospheric 

Part of bldg, hgldt'd All 

'Fotal cost of ineclianical 


plant. . . $650,000 




(JononiLois 

Motors 

Boilers 

Type 

Number installed 

Ball compd. 

5 

Crocker-Wheeler 

5 1 25 

5 

Rated capacity 

250 hp. 

150 kw. 


375 hp. 


R. J. S. Pigott, Trans. Vol. 38,* 1016, p. 687, shows, by 

means of graphic analysis, the effects of modifying the operating condi- 
tions of power plants and of changing the character of the auxiliary equip- 
ment. From the study of such an analysis the cost of producing power 
for given conditions may be determined with little effort, and the effects 
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of changes in the conditions or equipment may be predetermined with 
accuracy. 

The National Association of Building Owners and Managers have 
recommended a standard form of statement, outlining the classification 
of accounts for office buildings, which may be obtained from their Execu- 
tive Office, Edison Bldg., Chicago, 111. This ^association also issues an 

Experience Exchange ” which gives the cost of operating the mechanical 
equipment of office buildings in various cities of the United States. 

Power Station Economics: D. D. Higgins, National Engr., Dec., 1920, p. 563; Jan., 
1921, p. 1. 

Uniform Costs for Power Plant: Alfred Baruch, Power Plant Engrg., June 15, 1923, 
p. 623. 

Financial Engineering: O. B. Goldman, John Wiley & Sons. 

356. Permanent Statistics. — Tables 108 to 110 are taken from the 
records of a large isolated station in Chicago and serve to illustrate the 
makeup of the permanent statistics. The complete file covers each 
item of equipment and includes the various drawings, specifications, and 
guarantees for the entire mechanical equipment. Since these records 
do not vary with the operation of the plant, they require no further atten- 
tion, once they are compiled, except of course for such changes as may 
be made from time to time in the plant itself. 

W7. Operating Records. — The operating records of any plant bear 
the same relationship to the economical operation of that plant as the 
bookkeeping and cost accounting systems bear to the manufacturing 
plant. The distribution of profit and loss in either case can only be 
obtained by itemizing the various factors involved and by grouping them 
in such a manner as to show at any time where improvement is possible. 
Commercial bookkeeping has been more or less standardized and entails 
very little need of originality on the part of the bookkeeper, but the 
selection and maintenance of a system of power-plant records may require 
considerable study and experimenting, since each installation is a problem 
in itself. The items included in the different forms depend upon the 
apparatus provided for weighing and measuring the coal and water, the 
type and number of instruments available for measuring temperature, 
pressure, and power, and the system adopted for keeping track of oil, 
waste, general supplies, ^ and repairs. In large stations, autographic 
recording and integrating appliances, which are to be found in nearly 
all strictly modern stations and represent but a small pail; of the first 
cost of the plant, greatly reduce the labor of keeping continuous records. 
In many small plants, the cost of autographic instruments may prove to 
be prohibitive and recourse must be had to the usual indicating devices. 



FINANCE AND ECONOMICS — COST OF POWER 


863 


TABLE 109 

PERMANENT STATISTICS 

Boilers 


Make of boiler Stirling 

Total number in plant 5 

Date of installation 

Steam pressure, gage 150 

Safety-valve pressure 160 

Type of safety valve Pop 

Area of grate," sq. ft . . . 

Heating surface, sq. ft 3,500 

Superheating surface, scj. ft. . . None 

Number of steam drums .... 3 

Diameter of steam drums, in. . 36 

Distance between steam 

drums, ft 3 

Thickness of shell, in I 

Thickness of head, in f 

Diameter of steam nozzle, in. . . 10 

Diameter of safety valve, in. . . 4 

Diameter of blow-off, in 2.5 

Diameter of feed pipe, in 2 

Temperature of flue, deg. 

fahr 450-490 

Temperature of feed water, 

deg. fahr 210 

Ratio of heating surface to 

grate area 416 

Kind of fuel. . . . Illinois screenings 

Type of grate Green chain grate 

Rated horsepower 375 

Number in battery 1 


Weight of boiler 62,186 

Cost of boiler and fittings 

(each) $6,400 

Height of setting 17 ft. 9 in. 

Length of seating 17 ft. 4 in. 

Width of setting 15 ft. 3 in. 

Weight of setting, lb 272,000 

Thickness of wall 

Side 20 in.; back, 15 in. 

Nc. of bricks, fire 6,590 

No. of bricks, common 19,600 

Dimensions of foundation 


15 ft. 2 in. X 17 ft. 4 in. 
Material of foundation 

Stone and concrete 


Cost of foundation and setting 

(each) $1,500 

Distance between batteries . . 4 ft. 6 in. 
Distance back of boiler . .. 17 ft. 6 in. 
Distance m front of boiler . . 16 ft. 6 in. 
Distance overhead ... 2 ft. 10 in. 

Number of tubes 337 

Diameter of tubes, in 3 25 

Length of tubes, ft 12 to 14 

Steam space, cu. ft 96 

Water space, cu. ft 643 

Kind of draft Natural 

inches of draft in breeching 

(maximum) 2.6 


TABLE no 

PERMANENT STATISTICS 

Feed 


Date of installation 

Make Snow 

Number in plant 2 

Height, ft 3 

Length, ft 12 

Width, ft 4 

Weight of pump 5 tons 

Cost, each $965 

Steam pre>ssurc 150 

Back pressure i 

Number of valves 32 

Character of valves. . .Rubber, brass lined 
Area thro’ valve seats, sq. in., 

per pump 12.13 

Gallons of water jier min., per 

pump 800 

Pounds of water per 24 hr., 

average, actual 479,400 

Gallons of water per 24 hr. . . . 599 

Volume of air chamber, cu. ft. . 3 

Shop number 24,572-3 


Pumps 

Diameter of steam cylinder. . . 16 

Diameter of water cylinder ... 10 

Stroke 12 

Displacement per stroke, cu. 

ft 0 545 

No. of strokes per min., aver- 
age 12 

Diameter of suction 8 

Diameter of discharge 5 

Diamel'T of steam pipe 2 5 

Diameter of exhaust 4 

Diameter of steam drips i 

Diameter of water drains | 

Suction head, lb. per sq. in II 

Discharge head, lb. per sq. in. . 175 

Kind of piston packing 

Outside packed plunger 

Size of piston packing 

Kind of rod packing Soft 

Size of rod packing t 

Temperature of feedwater . . . , 208 
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In the latter case, continuous records may be closely simulated by plot- 
ting the readings of the indicating appliances, say every ftfteen minutes, 
or even once every hour, and by connecting the points with a straight 
line. The shorter the interval between readings, the smaller will be the 
error, but unfortunately the duties of the operating engineer in the small 
plant are usually such as to make frequent readings impossible. Total 
quantities may be obtained by summing up the various items or by inte- 
grating the graphical chart by means of a planimeter. It is not suffi- 
cient to record monthly or yearly averages. Daily and even hourly 
records are absolutely essential for maximum economy. The various 
losses may be reduced to a minimum only by an intelligent analysis of 
daily records. A number of forms taken from the files of various power 
plants are reproduced in this chapter under the proper subheadings and 
serve to illustrate good practice. 

Power Costs in Large Central Stations: Elec. Wld., Nov. 27, 1928, p. 827. 

What it Costs to Generate Industrial Power: Power, July 24, 1928, p. 139. 

Operating Charts at West Reading Plant of Metropolitan Edison Power Station: 
Power Plant Engrg., Aug. 1, 1923, p. 757. 

CUissification of Accounts and Standard Form of Statement: National Assoc, of Build- 
ing Owners and Managers, Edison Building, Chicago. 

358. Output and Load Factor. — There are so many ways of expressing 
the '' output and so many kinds of factors in the modern operating 
code that much confusion arises from the different interpretations of these 
terms. The various national engineering societies have published codes 
on definitions and values but there is no generally accepted standard. 
Until such a standard has been established, it is well to define all terms, 
the meaning of which may be subject to misconstruction, when reporting 
the performance of a machine, plant, or system. 

In the accompanying tables and charts, the term output without 
qualification refers to the net energy generated by the machine, plant, 
or system, that is, the energy actually available at the source of distribu- 
tion. For an electric power station this is the gross kw-hr. generated 
less the kw-hr. used by the station itself. 

According to the Standardization Rules of the American Institute of 
Electrical Engineers, the load factor of a machine, plant, or system is the 
ratio of the average power to the rriaximum power during a given period 
of time. The average power is taken over a certain period of time, such 
as a day, a month, or a year, and the maximum power is taken as the 
average over a short interval of the maximum load within that period. 
In each case the interval or maximum load, and the period over which 
the average is taken should be definitely specified, such as a ** half-hour 
monthly’' load factor. The proper interval and period are usually 
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dependent upon local conditions and upon the purpose for which the load 
factor is used. 

The following tentative definitions have been published by the N.E.L.A. 
Prime Movers Committee, 1922. 

Station Load Factor, — The ratio of gross station output in kw-hr. 
during a given period to the product of the maximum load occurring 



Fig. 671. Typical Daily Load Curve. Large Central Station. 

during the period, times the number of hours during that period. In 
each case, the duration of maximum load and the period over which the 
station output is measured should be definitely stated. 

System Load Factor, — Same as above, except substitute the term 
‘‘ system for station.” 

Station Output Factor, — The ratio of the gross station output during 
a given period to the sum of the products of the rated capacity (rated 
capacity is the maximum kw. load which the generating unit can deliver 
continuously) of each generating unit in the station, by the number of 
hours it was in operation during that period. 

A high output factor, whether based on gross or net output, and whether 
applied to individual machines, stations, or systems, is essential to maxi- 
mum economy. 

In this text the term “ load factor ” without qualification is the ratio 
of the total gross output to the total rated output for a period of one year 
or 8760 hr. 

The demand factor is the ratio of the maximum demand to the connected 
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load. There is a general tendency to overestimate the maximum elec- 
tric demand, due, in a measure, to the possibility of all the lights and 
motors being in use at one time. Practically speaking, such conditions 
are not likely to occur. Table 113 gives an idea of the value of the de- 
mand factor for various classes of service and may be used as a guide 
for determining the size of prime movers. 

TABLE 111 

YEARLY OUTPUT AND LOAD FACTORS (1926) 

Central Stations 


1 

Plant 

Generator 
Rating, Kva. 
(Thousands) 

Yearly Output 
Kw-Hr. 
(Millions) 

Load 

Factor 

Per Cent 

Blackstone Valley 

38 

154 

44.2 

Buffalo, Niagara & E. P 

Cleveland Elec. III. Co 

839 

4464 

74.7 

449 

1118 

45.4 

Connecticut Lt. & Power 

141 

286 

46.9 

Consolidated Gas, Balt 

225* 

803 

56.4 

Consumers Power 

237* 

809 

48.4 

Dayton Power & Lt 

127 

238 

47.7 

Duquesne Light 

Edison Companies 

373 

1332 

53.7 

Boston 

293 

674 

40.4 

Brooklyn 

479 

874 

38.3 

Commonwealth 

933* 

3482 

45.9 

Detroit .... 

691* 

2025 

53 0 

Southern California 

609* 

2228 

60.3 

Toledo 

351* 

351 

62.0 

United & Allied 

913* 

2554 

41.0 

Florida Lt. & Power 

139* 

174 

30.9 

Hartford Elec. Lt 

78 

192 

32.8 

Indianapolis Lt 

100 

208 

47.3 

Kansas City Lt. & Power 

173 

365 

57.0 

Narragansett Electric 

205 

367 

36.3 

Nebraska Power 

73 

187 

55.0 

North American (Wis. Sys.). . 

416* 

1337 

54 9 

Pacific Gas & Elec 

542* 

2157 

60.5 

Penn. Power & Lt 

188* 

858 

50.3 

Philadelphia Elec 

Public Service Co. 

640 

1749 

46.2 

Central III 

92 

278 

42.7 

Colorado 

139 

268 

46.5 

New Jersey 

Northern 111 

609 

1561 

43.6 

200* 

720 

50.7 

Ohio 

159 

535 

53.9 

Rochester Gas & El 

103* 

326 

56.8 

Southeastern Power & Lt 

700 

1966 

56.0 

Southern Power Co 

771 

1434 

48.6 

West Penn 

598 

1514 

65.3 

Union Gas & Elec 

130 

675 

40.3 

Utah Power & Lt 

176* 

801 

1 76.2 


* Kilowatts. 


The diversity factor may be defined as the ratio of the sum of the indi- 
vidual maximum demands of a number of loads during a specified period 










FINANCE AND ECONOMICS — COST OF POWER 


867 


to the simultaneous maximum demand of all these same loads during the 
same period. If all the loads in a group impose their maximum demands 
at the same time, then, the diversity factor of that group will be unity. 
Expressed algebraically 


Diversity factor = 


sum of individual maximum demands 
maximum demand of entire group 


( 287 ) 


The diversity factor has a very significant bearing on reducing the cost of 
power; namely, diversity of demand. 



JL.M, P.M. 

Fia. 672. Typical Daily Load Curve. Tall Office Building, Chicago. 

Few central stations are favored with a constant load. The peak of 
the industrial load occurs during the daytime, that of the railway load 
for a period in the morning and again in the evening, that of the lighting 
load for the early evening,' etc. Since the maximum demands of the 
various customers of the different classes do not occur at the same time, 
the machinery used to supply one class of service at one period may be 
used to supply other kinds of loads at another, whereas, if the peaks 
occurred simultaneously the plant would require capacity enough to 
supply the sum of all the maximum demands of the different customers. 
The combined maximum demand imposed on the average central station 
is usually less than half the sum of all the maximum demands of the 
various customers; therefore, the investment involved in providing the 
service is approximately half of what it would be if the demands occurred 
simultaneously. 
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TABLE 112 

DlVEl^ITT FACTORS AMONG THE DIPPERENT ELEMENTS OP A CENTRAL-STATION 

DISTRIBUTING SYSTEM 
(H. B. Gear) 


Elements of Distributing System 

Diversity Factors 

Residence 

Lighting 

Commercial 

Lighting 

General 

Power 

Large 

Users 

Among consumers 

3.36 

1.46 

1.44 


Among transformers 

1.30 

1.30 

1.35 

1.15 

Among feeders 

1.15 

1.15 

1.15 

1.15 

Among sub-stations 

1.10 

1.10 

1.10 

1.10 

Consumer to transformer 

3.36 

1.46 

1.44 


Consumer to feeder 

4.35 

1.91 

1.95 

i!i5 

Consumer to sub-station 

5.00 

2.19 

2.24 

1.32 

Consumer to generator 

5.53 

2.41 

2.45 

1.45 


TABLE 113 

CENTRAL STATIONS, DEMAND FACTORS 
Demand factors compiled by Commonwealth Edison Company of Chicago 
Class of Service 


Demand Factor 


Lighting customers: 

Billboards, monuments, and department stores 

Offices 

Residences and barns 

Retail stores 

Wholesale stores 


85.6 

72.4 

60.0 

66.3 

70.1 


Average 

Motor customers: 

Offices 

Public gathering places and hotels 

Residences and barns 

Retail stores 

Wholesale stores and shops 

Average 


69.8 


65.1 
28.7 

69.3 

61.2 
58.2 

59.4 


The values given in Table 112 are fairly typical and may be used for 
estimating purposes where specific data are not available. 

Example 91. — Estimate the maximum demand on the various ele- 
ments of the generating and distributing system if a group of residence 
eus|x>mers are all connected to one transformer, assuming that the sum of 
the individual peak demands of the group is 42 kw. 
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Solution. — Using the values of the diversity factors in Table 112, and 
assunaing transformer, feeder, and transmission and conversion efficiencies 
of 0.98, 0.90 and 0.90 respectively, wc have: 

The demand on the 

Transformer = 42 3.3C = 12.50 kw. 

Feeder =12.50 (1.30 X 0.98) = 10.70 kw. 

Sub-station =10.70 - 5 - (1.15 X 0.90) = 10.33 kw. 

Generator 10,33 (1.1 X 0.90) = 10.43. 



Fig. 673. Composite Load Curve. Commonwealth Edison Co. 

Thfe term yower factor applies to alternating-current generation only 
and is defined as the ratio of the true power or kw. measured by a watt- 
meter to the apparent power or kilovolt-amperes (kva.). The actual 
output in kw., therefore, is equal to the kilovolt-amperes multiplied by 
the power factor (F). Thus, the i.hp. of an engine required for an alter- 
nating-current engine-generator set may be expressed 

i.hp. = 1.34 kva. XF^ E (288) 

in which 

E = mechanical efficiency of the entire unit. 

Other notations as interpreted above. 
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The power factor varies with the nature of the electrical load, and 
varies from 0.95 for a plant in which the load is largely due to the use of 
synchronous motors or rotary converters to 0.70 where a large part of 
the station load is due to the use of induction motors, electric furnaces, 
or arc lighting. In the average large central station generating current 
for lighting and power, the power factor is approximately 0.80. 


Operating Code Definitions: N.E.L.A. Report of Prime Movers Committee, T3, 1922, 
p.337. 

A,S.M.E Code on Definitions and Values: Mech. Engrg., Sept., 1923, p. 548. 

Load Factor; Its Definition and Use: The Canadian Engr., Jan. 20, 1921, p. 149. 
Effect of Load Factor on Steajn-^tation Costs: Power, Jan. 4, 1921, p. 24. 

Diversity and Diversity Factors: Terrell Croft, Power, Feb. 6, 1917, p. 171. 

Pmver Factor Problems in Industrial Plants: Power Plant Engrg., Nov. 1, 1923, 
p. 1087. 



Fig. 674. Typical Daily Load Curve. Large Apartment Building. 


In any system the total fixed charges per year are constant irrespective 
of the load factor, since interest, taxes, depreciation, insurance, and main- 
tenance go on whether the plant is in operation or not. The total fixed 
charges for a specific case are illustrated in Fig. 675 by a straight line. 
The fixed charges per kw-hr., however, decrease as the load factor in- 
creases. Considering the values in Fig. 675, with the plant operating 
continuously for 8760 hr. at rated load (100 per cent load factor) the fixed 
charges per kw-hr. are 

65,000/(5000 X 8760) = $0.00148. 

With 30 per cent load factor these charges are 

65,000/0.3(5000 X 8760) = $0.00495 kw-hr. 
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The higher the load factor, the greater is the amount of power produced 
and the longer does the apparatus work at best efficiency. But the 
greater the power produced, the larger will be the fuel consumption and 
•Uie oil and supply requirements. The labor charges will be practically 
constant. The total operating cost per year increases as the load factor 


1 A. — 5»nnnA 



YetCfty Lm FdfCtox-Per Cent 

Fig. 675. Influence of Load Factor on Cost of Power at Switchboard 
(Maximum Load 5000 Kw.). 

increases, but not directly. (See Fig. 675.) The cost per kw-hr., how- 
ever, decreases as the load factor increases. For example, the operating 
costs per year with plant operating continuously at full load are $230,200. 
This gives 

230,200/(5000 X 8760) = $0.00525 per kw-hr. 

With 30 per cent load factor the total yearly operating charges are 
$87,980, which gives 

87,980/0.3(5000 X 8760) = $0.0067 per kw-hr. 

In general, the higher the load factor, the greater becomes the ratio of 
the operating to the fixed charges, and extra investment may become 
advisable to secure the greatest possible economy. 

On the other hand, when the load factor is low the fixed charges are 
the governing factor in the cost of power, and extra expenditures must 
be carefully considered, particularly if fuel is cheap. 
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.The total fixed charges are frequently as great if not greater than the 
actual operating costs, and must necessarily be included in arriving at 
the total overall cost. 

359. Cost of Power. General. — The actual cost of producing power 
depends upon the geographical location of the plant, cost of fuel and 
labor, the size of apparatus, the design, conditions of loading system, 
of distribution and the method of accounting. Comparisons based on 
the cost per hp-hr. or per hp-yr., or the equivalent are without purpose 
because of the many variables entering into the problem. It is impossible 
to intelligently compare costs or to obtain a true understanding of what 
costs for power really mean without a thorough knowledge of the various 
items entering into the unit cost such as costs of fuel, oil, waste, repairs, 
labor, insurance, taxes, management, distribution, maintenance and 
allowance for depreciation. In addition to these an understanding must 
be had of the operating conditions, such as size of plant, load factor, 
variation in load, ratio of the maximum load to the economic full load, 
number of hours a day the plant is operated and the like. With each 
plant having an individuality distinctly its own, in so far as the charges 
which go to make up the ultimate cost is concerned, it is practically im- 
possible to arrive at any definite conclusion as to the manner in which the 
real cost of power may be correctly determined for purposes of compari- 
son. Perhaps the best method of stating station economy is to give the 
average yearly heat units supplied by the fuel per kw-hr. delivered to the 
switchboard, and the load factor. This eliminates price and quality 
of fuel and offers a fairly satisfactory criterion of the efficiency of operation. 

In any case the cost of power is based upon the expense which is in- 
dependent of the output, or fixed charges, and that which is a function of 
the output, or operating costs. In the small plant the items included 
in the fixed and operating costs are comparatively few in number and 
require but an elementary knowledge of bookkeeping, but in large indus- 
trial organizations or central stations the number of separate items to be 
considered may run into the hundreds and necessitate a complex system 
of accounting. Some idea of the different systems employed with examples 
of cost of power in specific cases may be gained from an inspection of 
Tables 124 to 134. 

360. Fixed Charges. — These cover all expenses which do not expand 
and contract with the output. In the privately owned plant the fixed 
charges are usually limited to interest on the investment, rental, deprecia- 
tion, taxes, insurance and sometimes maintenance, though the latter is 
ordinarily included in the operating costs. The accounting systems for 
public electric light and power companies are usually prescribed by the 
Public Utility Commission, of the state in which the plant is located and 
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the various charges must necessarily conform with the rules formulated 
by this Commission. 

361. Interest. — The rates of interest on borrowed money vary with 
the nature of the security. In the case ci small power plants, the form 
of security is usually a first mortgage bond on the plant and equipment. 
In the larger plants, the money or credit may be obtained through the 
sale of stocks, collateral notes, debenture bonds, and other classes of 
securities. If a builder has sufficient funds to construct the plant with- 
out borrowing, he should charge against the item interest ” the income 
which the sum involved would bring if placed out at interest or if con- 
servatively invested in his own business. In estimating the interest 

TABLE 114 


GOST OP MECHANICAL EQUIPMENT — STEAM TURBO-ELECTRIC GENERATING STATIONS 

60,000 kw. Capacity 
(1927) 



Dollars per Kw. 


High 

Low 

Preparing site — Dismantling and removing structures from 
site, making construction roads, tracks, etc 

$0.50 

$.... 

Yard Work — Intake and discharge fluines for condensing 

water, railway siding, grading, fencing sidewalks 

Foundations — Including foundations for building, stacks, and 
machinery, together with excavation, piling, waterproofing, 
etc 

8.00 

6.00 

10.00 

8.00 

Building — Including frame, walls, floors, roofs, windows 
and doors, coal bunker, etc., but exclusive of foundations, 
heating, plumbing, and lighting 

15.00 

12.00 

Boiler-room Equipment — Including boilers, stokers, flues, 
stacks, feed pumps, feedwater heater, economizers, me- 
chanical draft, and all piping and pipe covering for entire 
station except condenser water piping . . . 

Turbine-room Equipment — Including steam turbines and 
generators, condensers with condenser auxiliaries and water 
piping, oiling system, etc .. 

35 00 

28.00 

30.00 

25.00 

Electrical Switching Equipment — Including exciters of all 
kinds, masonry switch structure with all switchboards, 
switches, instruments, etc., and all wiring except for build- 
ine lighting 

15.00 

12.00 

Service Equipment — Such as cranes, lighting, heating, 
plumbing, fire protection, compressed air, furniture, per- 
manent tools, coal- and ash-handling machinery, etc 

14.00 

10.00 

Starting Up — Labor, fuel, and supplies for getting plant ready 
to carry useful load 

1.50 

1.00 

General Charges — Such as engineering, purchasing, super- 
vision, clerical work, construction plant and supplies, 
watchmen, cleaning up 

8.00 

6.00 

Total cost of plant to owner, except land and interest during 
construction 

$137.00 

$108.00 
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charges, 6 per cent of the capital invested is ordinarily assumed unless 
specific figures are available. Initial costs for various types of plants 
are to be found in the accompanying tables, but so much depends upon 
the grade of equipment, market price of materials, cost of labor, and 
plant location that these figures are only of academic value. 

Coat of Money to Utilities: Elec. Wld., Sept. 15, 1923, p. 538. 

Accounting for Depreciation: Elec. Wld., July 28, 1928, p. 161. 


TABLE 115 

APPROXIMATE AVERAGE COST OP "KlODERN STEAM TURBO-ELECTRIC PLANTS 

(condensing) 

(1923) 


Units and Auxiliaries Installed and Erected 


Size of Plant — Kw. 


500 

1000 

2500 

5000 

10,000 

Bldg, real estate, excavating. . . . 

$60 00 

$55 00 

$46.00 

$40.00 

$36.00 

Turbogenerators 

40 00 

35 00 

30.00 

25 00 

23 00 

Condensing equipment 

25 00 

20.00 

15 00 

10.00 

8.50 

Boilers, stokers, stacks 

55 00 

50 00 

45 00 

42.00 

40.00 

Bunkers and conveyors 

Boiler feed and service pumps. 

10.00 

10.00 

8.50 

8.00 

7.00 

heaters 

5.00 

4.00 

3.00 

2.00 

2.00 

Switchboard and wiring 

9.00 

8.00 

7.00 

7.00 

6.50 

Exciters 

4.00 

3.00 

2.50 

2.00 

1.50 

‘Piping 

Superintending, engrg., contin- 

9.00 ! 

10.00 

11.00 

12.00 

13.00 

gencies, etc 

23 00 

20 00 

17 00 

18 00 

17.50 

Total 

$240.00 

$215 00 

$185.00 

$166 00 

$155.00 


Each plant is provided with a spare boiler and such extra apparatus as is consistent 
with good practice. Boiler pressure 175 lb. gage. Superheat 125 deg. fahr. 

Average figures of this nature are apt to be misleading when applied to any par- 
ticular case, because of the wide variation in the individual characteristics of each 
plant. They are intended merely as a rough guide to the variation in cost with size. 


362. Maintenance. — Maintenance usually refers to the expense of 
keeping the plant in running order over and above the cost of attendance, 
although the term is frequently used in place of repairs.^^ It includes 
cost of upkeep, replacement, and precautionary measures. The last item 
includes the renewal of working parts, painting of perishable or exposed 
material, and replacing worn-out and defective material. Many engi- 
neers make no allowance for maintenance in the fixed charges and include 
these costs under supplies, attendance, or repairs. In a general way, 
when maintenance is included under the fixed charges, an annual charge 
of 2 per cent is considered a liberal allowance, since most of the repair 
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work comes under attendance. In cential station practice, maintenance 
is divided among the several parts of the system as follows: Buildings, 
steam appliances, electrical equipment, and miscellaneous. In this con- 
nection the maintenance becomes a part of the operating charges, since 
the various items vary widely from month to month. 

363. Taxes and Insurance. — Taxes vary from a fraction of one per 
cent to 3 per cent, depending upon the location cf the plant. An average 
figure is 2 per cent of the actual value of the investment. Buildings 
and machinery are ordinarily insured for fire loss, and boilers, compressor 
tanks, and pressure vessels against 'accidental explosions. Accident 
policies are sometimes carried on all operating machinery. A fair charge 
for this item is one-half per cent. 

TABLE 116 

COST OF MECHANICAL EQUIPMENT* 

F.O.B. Factory 
(1924) 

Boiler Room 

Cost per boiler horsepower 


Air preheaters $ 5 . 00-$10 . 00 

Ash gates, power dumps, hoppers, and gates 4 . 00- 5 . 00 

Blowers: 

Multivanc, motor-drive, automatic regulation 2 . 00- 3 . 00 

Undergratc turbo blower 0 . 75- 1 . 00 

Vano 1.00- 1.50 

Boilers: 

Straight tube, 250 lb. pressure and under 20^00- 30 00 

Curved tube, 250 lb. pressure and under 18 00- 20 00 

Straight tube, 250 lb. pressure and over 30 00- 75 00 

Horizontal return tubular 150 lb. and under 12 00- 18 00 

Fire box, locomotive type and vertical tubular 30 00- 40 00 

Boiler insulation 0 . 20- 0 . 30 

Boiler settings: 

Horizontal return tubular 8 . 00- 15 . 00 

Water tube, low head room 8 . 00- 18 . 00 

Water tube, high head room 15.00- 25.00 

Chimneys: 

Concrete 5.00- 10.00 

Radial brick 3 . 00- 8 . 00 

Self-sustaining steel 3 . 00- 9 . 00 

Chimney insulation, asbestos 2 . 50- 4 . 50 

Economizers 14.00- 25.00 

Feed pumps: 

Centrifugal 0 . 25- 1 . 00 

Reciprocating 0.40- 0.60 


* Courtesy of Himelblau and Agazim, Chicago. 
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Feedwater heaters: 

Closed 0.90- 1.60 

Open 0.40- 1.50 

Feedwater regulators 0.25 

Soot blowers 0.50- 1 . 00 

Stokers: 

Hand, with hopper feed 4 . 25- 9 . 25 

Hand, without hopper feed 3 . 00- 5 . 00 

Reciprocating 8.00- 10.00 

V-type, natural draft, engine, auto., etc 10.00- 16.00 

Traveling grate, natural draft, engine, shafting, etc. . . 20.00- 25.00 

Traveling grate, forced draft, engine, shafting, etc 40.00- 60.00 

Underfeed, single retort complete 9.00- 13.00 

Underfeed, multiple retort, engine drive, shafts, etc.. . 12.60- 18.50 

Underfeed multiple retort, complete with rotary power 

dump 17.00- 23.00 

Superheaters: 

Curved-tube boilers 4.00- 7.00 

Horizontal-return tubular boilers 4.00- 9.00 

Straightrtube boilers 3.50- 12.00 

Engine Room 

Turbines, steam 16 . OO- 30 . 00 per br. hp. 

Turbo-altemators 18 . 00- 32 . 00 per kw. 

Engines: 

Corliss, simple 25 . 00- 30 . 00 per i.hp. 

Corliss, compound 35.00- 40.00 » 

Corliss, non-releasing 16 . 00- 40 . 00 

Poppet valve . . . ^ 16 . OO- 33.00 

Uniflow 20.00- 45.00 

Condensers, jet (cost per 1000 lb. steam) 200.00-500.00 

Condensers, surface, cost per sq. ft 2.60- 4.50 


364 . Depreciation* — Depreciation may be defined as a decrease in 
value occasioned by wear or age, change of conditions rendering the plant 
inadequate for its particular functions, or change in the art rendering it 
obsolete as compared with recent installations. Depreciation may be 
conveniently classified as; 

Natural depreciation, or the gradual decrease in value occasioned by 
wear and age. This may be largely offset by maintenance. 

Functional depreciation due to obsolescence, inadequacy or destruction 
by any cause. A thing is obsolete when it has been rendered valueless 
as the result of change in the art, and this may occur where no physical 
deterioration has taken place. A thing is inadequate when it is incapable 
of fully performing the function for which it is intended. Inadequacy 
indicates neither physical depredation nor obsolescence; it may result 
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from expansion of markets, community growth and the like. Obsoles- 
cence, inadequacy, and destruction cannot be predicted and charges 
against this class of depreciation are naturally conjectural. 

The term depreciation is frequentl} used when the term amorti- 
zation’^ would be more appropriate. Amortization refers to the retirement 
of invested capital, while depreciation is loss of value. 


TABLE 117 

APPROXIMATE COST OP RADIAL BRICK STACKS 
( 1923 ) 


Height, Ft. 

Diam., Ft. 

Coat 

Height, Ft. 

Diam., Ft. 

Coat 

75 

4'0" 

$1700.00 

175 


$ 7,250.00 

75 

6'0" 

2100.00 

175 


9,200.00 

75 

8'0" 

2250 00 

175 


10,500.00 

75 

lO'O" 

2700.00 

175 


12,500.00 

125 

6'0" 

3800.00 

200 

8'0" 

9,500.00 

125 

8'0" 

4550.00 

200 

lO'O" 

10,300.00 

125 

lO'O" 

5300.00 

200 

12 j" 

13,200.00 

125 

12'0" 

6900.00 

200 

14'0" 

15,000.00 

150 

8'0" 

6700 00 

250 

lO'O" 

18,100.00 

150 

lO'O" 

7100 00 

250 

12'0" 

19,900.00 

150 

12'0" 

8200.00 

250 

14'0" 

21,000.00 

150 1 

14'0" 

9500.00 

250 

16'0" 

23,000.00 


Costs of common brick chimneys, 3/4 lined, are approx. 1.3 times the tabular 
values. 

Reinforced concrete chimneys up to 125 ft. in height by 5 ft. in diameter cost about 
the same as radial brick; 150 ft. in height by 7 ft. in diameter about 12 per cent less; 
200 ft. by 10 ft. about 20 per cent less and 250 ft. by 10 ft. about 25 per cent less. 

Costs of full-lined self-supporting steel stacks about 1.1 to 1.2 times the tabular 
values. ' 


There are several methods of dealing with depreciation; among the 
more common may be mentioned: 

(1) Charging to earnings in good years and crediting to amortization 
reserve such amounts as the profits from operation permit. 

(2) Charging to earnings the amortization as it matures and necessi- 
tates renewals. 

(3) Charging to earnings and crediting to amortization reserve an- 
nually a certain percentage of the cost determined by the average weighted 
life of the property. 

In central-station practice, it is customary to establish a reserve fund 
to allow for depreciation, based on the original cost of the property less 
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salvage or junk value, spread over a period of years approximating the 
useful life of the plant. If depreciation is considered to include the main- 
tenance which is charged to expense directly, it would be proper to set 
aside as a reserve a fixed percentage of the decreasing value of the plant 
to represent the unmatured decadence. This ideal situation would 
equalize the total burden over the life by making the depreciation allow- 
ance largest when the repairs are smallest, and conversely the deprecia- 
tion allowance smallest when the repairs are largest at the end of the 
useful life of the plant. If the system were bomposed of many small 
units not requiring renewal at or near the same time, no special reserve 
would be necessary, as all replacements could be charged directly to 
operating expenses because these amounts would be inconsiderable in 
any one year. In the large central station, however, a considerable 
portion of the plant is composed of large units which the rapid develop- 
ment of the art and growth of business may render obsolete long before 
their natural life has expired. As a result of and to provide for this 
condition, depreciation reserves are accumulated either by the straight- 
line ” or “ sinking-fund method. 


TABLE 118 

Functional Life op Various Portions op Steam Power Plant Equipment 


Years 

Belts 8-15 

Boilers, fire tube 20-35 

Boilers, water tube 25-40 

Buildings, masonry 25-60 

Buildings, wooden or sheet iron. . 15-30 

Chimneys, masonry 30-60 

Chimney, self-sustaining steel 25-50 

Chimneys, sheet iron, guyed 8-15 

Coal conveyors, belt 8-20 

Coal conveyors, bucket 10-25 

Condensers, jet 25-50 

Condensers, surface 20-40 

Economizers, cast-iron 20-30 

Economizers, steel 10-20 

Engines, high-speed 20-40 

Engines, low-speed 25-50 


Generators, a.c 

Years 
: . . . . 20-35 

Generators, d.c 

20-35 

Heaters, closed 

20-40 

Heaters, open 

25-50 

Motors 

20-35 

Piping, exposed 

10-20 

Piping, protected 

15-35 

Pumps 

20-40 

Rotary transformers 

20-30 

Stokers, chain-grate 

20-30 

Stokers, underfeed 

20-30 

Storage batteries 

10-20 

Transformers 

15-30 

Turbines, steam 

20-40 

Wiring 

10-20 

Composite plant 

20-30 


Note. — So much depends upon the design and the conditions of operation that 
average values for actual physical life are without purpose. Practice shows that most 
power-plant appliances become obsolete or inadequate long before the limit of their 
physical life is reached. The values above are purely arbitrary but serve to show the 
range in functional life assumed by various companies in establishing amortization 
axmuitieB, 
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TABLE 119 

DBPRBCTATION ANNUITT 
(Per Cent of First Cost) 


Rate of Interest, Per Cent 



2 

2 5 

3 

3.5 

4 

4.5 

6 

5.5 

6 

7 

8 

9 

10 


2 

49.50 

49 37 

49.27 

49.14 



48.78 

48.66 

48.54 

48.31 

m 

47.84 

47.62 


3 

32.67 

32.51 

32 35 

32.19 


31.88 

31.72 


31.41 

31.10 


KftTiTl 

Emi 


4 

24.26 



23.72 

23.55 

23 38 

mm 


22.86 

22.52 

22.19 

21.86 

21.55 


5 

19.21 

IRMiW 

18.83 

18.65 

18.46 

18.28 

18. 0 

17.91 

17.74 

17.39 


16.71 

16.38 


6 

15.85 

15.65 

15.46 

15.26 


14.89 


14.52 

14.34 

13.98 

13 63 


12.96 


7 

13.45 

13.25 

13.05 

12.85 



12.28 

12 09 

11.91 

11.15 





8 

11.65 

11.44 

11.24 

11.05 



EnKg 

ITtPa 

iTiMfil 

Em 


Eniin 

8.74 


9 



9.84 

9.64 

9.45 

Eifefii 



BSRii 

raS 


7.68 

7.36 


10 

9.13 

8.92 

8 72 

8.52 

8.33 

8.14 

7.95 

7.76 

7 59 

7.23 


6.58 

6.27 


11 

8 22 

8 01 

7.81 

7.61 

7.41 

7.22 

7.04 

6.86 

6.68 

6.33 


5.69 

BSl !] 

o 

12 

7.45 

7.25 


6 85 

6.65 

6 46 

6 28 




5.27 

4.97 

4.68 


13 

6 81 

EElill 

6.40 

1^ 

1^ 

5 83 

5.64 


5 29 

4.96 

4.65 

4.36 

4.08 


14 

6.26 

6 05 

5 85 

5.65 

5.47 

5 28 

Ora 


4.76 

4 43 

4.13 

3.84 

3.58 

2 

15 

5.78 

5.57 

5.38 

5.18 

4.99 

4.81 

4.63 

4 46 

4.29 

3 98 

3.68 

3.40 

3.15 

1 

16 

5.36 

5.16 

4.96 

4,77 

4.58 

4.40 

4.22 

4 06 

3.89 

3 58 

EES^ 

EKEi 

2.78 

p 

17 

WEm 

4.79 

KWiSIl 




3.87 

Enn 

3.54 

3.24 

2.96 

2.71 

2.47 

•d 

18 

4.67 

4.46 

1101 




3.55 

raft] 


2 94 

2.67 

2.42 

2.19 


19 

4.38 

4.17 

3.98 

3.79 


3.44 

3.27 

3.11 


2.67 

2.41 

2.17 

1.95 

§ 

20 

4.11 

3.91 

3 72 

3.53 

3.36 


KV|% 




2.18 

1.95 

1.75 

CQ 

25 

EKE 


2 74 


ran] 



1.95 

1.82 


1.37 

1.18 


< 

30 

2 46 

2.27 

2.10 

1.94 

1.78 

1.64 


1.38 

1.26 

njffi 

0.88 

0.73 

0.61 


35 



EK^ 


1.36 

1.23 

■Kh 




0.58 

0.46 

0.37 


40 

1.65 

1.48 

1 33 

■KkI 


0.93 




nJKii 

0 38 

0.29 

0.22 


45 

1.39 

1.23 


0.94 


0.72 



0 47 

0 35 

0.26 

0.19 

0.14 


50 

1 

1.18 


0.89 

0.76 



Hi 

BE 


0.25 

0 17 

0.12 



Straight-line Method, — This method is based on the assumption that 
if the total investment, less salvage, is divided by the functional or as- 
sumed life of the plant, the resulting quotient expresses the amortization 
installment or the amount which should be allowed each year to cover 
the accrued amortization. This is the simplest of the several methods 
that have been suggested for calculating depreciation annuities with 
which to establish depreciation funds, and for short-lived plants it offers 
a fairly satisfactory means of estimating the depreciated value. The 
straight-line method is shown graphically in Fig. 676. The original cost 
is composed of the net cost of labor and material plus the overhead (the 
extra charge intended to cover engineering and architectural fees, fire 
and liability insurance, and interest on the investment during construc- 
tion; contractors' profits on the portion of the work not done by the com- 
pany itself; legal organization and incidental expense). The functional 
life of the plant is a purely arbitrary quantity and is supposed to repre- 
sent the weighted average period of usefulness of the various units com- 
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pofflng the plant. The actual physical life of the various units compos* 
ing the plant can only be approximated, since everything depends on the 
grade of material, workmanship, and upkeep. Most power-plant appli- 


TABLE 120 

TTPICAL OPBBATINO CHABT 

DAILY POWER-HOUSE REPORT 

Ths United Lxqbt and Power Co. 
Division 


Weather — Noon 


10 . 


Engine No. 1 
Engine No. 2 
Inc. current on 
Street arcs on 


started. 

started. 


M 

stopped 

M 


....M 

stopped 

M 

Total time run 

....M 

oflF 

M 

Total time on. . 

....M 

off 

M 

Total time on. . 



Noon 


AMPERE READINGS 



Coal used lb. Coal Received on Track. Boilers in Service. 

Cylinder oil pt. Car No No. 1 from m to m 

Engine oil pt. Initial No. 2 from m to m 

Waste lb. Time placed m No 3 from m to m 

Water cu. ft. Time released m Washed No 

Carbone Weight lb. Blew No 


Globes outer inner.. . . Ashes sold 


loads to 


Bfaterial Received for Power House Use. 


Total Kilowatt Output 
Read meter 12 o’clock noon 



Meter to-day. . . . 
Meter yesterday. 
Diff 


Report here ANY interruption of service either arc or incandescent. 
Time off Cause 


Are lights out. 
Lights.. 


Kw. 

Kw. 


Looatbn Reported by 
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ances become obsolete or inadequate long before the limit of their physical 
life is reached. If the actual physical life could be accurately determined 
and the annual cost of repairs and upkeep were uniform, the straight- 
line method would be accurate for calculating the depreciated value; 
but since this is seldom, if ever, the case, this method should be used only 



Fig. 676. Showing Straight-line Method of Amortization. 


for determining depreciation annuities. The various values on the dia- 
gram in Fig. 676 may be expressed algebraically, thus 

D = (C - S)/n (289) 

V = S+{C-Sy^ (290) 

A^C -V (291) 

in which 

D = amortization installment or depreciation annuity, 

C = first or original cost, 

S = salvage value, 

A = accrued depreciation annuity, 

V = the depreciated or present value, 
m = age of the plant, 
n = functional life. 

Sinking-fund Method. — According to this method of calculating de- 
preciation annuities, it is assumed that the accrued depreciation of the 
property is the amount already accumulated in a sinking fund that was 
begun when the property was first put into service, and the aimuities of 
which are such that at compound interest the amount at the end of the 
functional life of the property will equal the first cost. The various 
factors entering into the problem as shown in Fig. 677 are based on the 
following equations, which niay be found in text books on compound 
interest. 
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The value of 1 placed at compound interest (rate = r) at the end of 
n years is 


(1 + r)» 

(292) 

The amount of an annuity of 1 in n years is 


[(1 + r)" — 1] -5- r. 

{ma) 

The present value of an annuity of 1 for n years is 


[(1 + r)“ — 1] 4 - r(l + r)». 

(2926) 

The annuity which 1 will purchase for n years is 


[r(l + r)"] 4 - [(1 + r)" - 1]. 

(292c) 

The annuity which would amount to 1 in w years is 


r 4 - [(1 + r)» - 1]. 

(292d) 

Applying these fimdamental equations to the values in 
have 

Fig. 677, we 

D = {C -S)r-¥ [(1 + r)» - 1]. 

(293) 


(294) 

A = C - F. 

(295) 


All notations as in equations (289) to (291). 

The sinking-fund method is applicable to calculation of the depreciated 
value of a property only where natural depreciation is involved and where 
current repairs are uniform or absent. 

In establishing a sinking fund, it is not supposed that an owner will 
regularly lay aside an annual amount, or take the trouble to arrange for 
its investment at current rates in the market or savings bank, since the 
money is probably worth more to him in ,his business. In practice, it is 
retained in his business or investments and is earning the rate of interest 
obtainable therein; but in determining the net profit or loss this deprecia- 
tion item is nevertheless accounted for just as if it were actually placed in 
outside investments. 

The expectancy or remaining life of any article is the probable time 
during which it may reasonably be expected to render efficient service. 
It is determined from the actual condition of the article and all local 
circumstances which may affect its continued use, and not by subtrac- 
ting age from probable life. Thus an article may have a probable life of 
twenty-five years and yet be in first-class condition and as good as new 
when it reaches the end of this term. The value of this article is not writ- 
ten off the books nor should it be considered as good as new. Its value 
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is ascertained by determining its probable additional years of usefulness 
and the probable cost of replacing it at the end of this term. 


TABLE 121 


TYPICAL OPERATING CHART 


(Large Chicago Department Store) 


Monthly Report 


.10. 


Average 

Outside 

Tempera- 

ture 

Fuel 

Supplies 

Coal 

Ash 

Oil Used, Gal. 

Waste. 

Lb. 

Total 
Water to 
Building, 
Cu. Ft. 

Kind 

Lb. 

Burned 

Cost 

Per 

Ton 

Cost 

Per 

Day 

I.b. 

Removed 

Engine 

Cylinder 


Output 

Boilers 

Generators 

Lb. of 
Water 
Evaporated 

Water 
Evaporated 
Per Lb, 
of Coal 

Amp,- 

Hr. 

Kw.- 

Hr. 


Engine-Hr. Run. Boilers-Hr. Run 


Breeching 


Draft 


Tempera* 

ture 


Heating System 

Ventilating 
Plants, Hr. 

Run 

Refrigerating Plant 


Repairs-Hr. 

Steam 

Live 

Steam- 

Hr. 

Fan 

Fan 

Hr. 

Gas 

Used, 

Lb. 

Ice 

Made, 

Lb. 

Engine 

Boiler 

* 

Misoel- 

Pressure 

1 

2 

Run 

Room 

Room 

laneous 


In ttie original copy all of these items are conveniently grouped on one largo form ruled for 31>day entries 
with space at bottom for total quantities and costs. In the reproduction only the headings are included. 


The replacement may mean the substitution of a new plant exactly 
similar to the old one, but at a cost dependent on new conditions, new 
prices of labor and material, or it may mean the substitution of new 
devices rendering equivalent service. In either event the replacement 
may be at a greater or less cost than the original cost, with, therefore, a 
corresponding increase or decrease of capital invested. Expenditures for 
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TABLE 123 

TYPICAL OPERATING CHART 
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new parts of a plant, which take the place of old parts retired for any 
cause, should be charged to replacement only to the extent of capital 
represented by the part of the plant thus retired. Any excess of the 
expenditure for replacement over the cost of the discarded part of a 
plant should be treated as an addition to, and any less cost as a deduction 
from, the invested capital. The term replacement should not be used 
in the sense of retirement of invested capital, which refers to the cost of 
the replaced part and not to the cost of the new equivalent installation. 

Valuation, Depreciation, and the Rate-Base,'’ Grunsky, John Wiley 
& Sons, 1917.) 

The term going value may be properly taken to mean a value attached 
to a public utility property as the result of its having an established 
revenue-producing business. Going value may be determined from a 



Fia. 677. Showing Sinking-fund Method of Amortization. 

consideration of the amounts of money actually expended in the cost of 
producing the business or it may be determined from consideration of the 
present cost of reproducing the present revenue. (“ Value for Rate- 
Making," Floy, 1917.) 

For purpose of design and comparison, it is customary to assume a 
single fixed percentage for depreciation, obsolescence, inadequacy, etc. 
^ average figure is 5 per cent. 

Unit-cost Depreciation. — The unit-cost depreciation formulas, as 
developed by H. P. Gillette,^ are rational and applicable to all problems 
involving depreciation, although the data for accurate application may 
not always be available. 

Let C and c = first cost of the new and the old property, respectively, 
F and / = functional depreciation annuity rates for the new and 
old plants, respectively, 

r — interest rate including risks, taxes and management, 
not included in F, /, JE? and e. 

t Mechanical and Electrical Cost Data,” 1918, p. 09-103. 
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R = interest rate plus functional depreciation = r + / or 
r + F, 

S and 8 = salvage value of the new and of the old property, 
respectively, 

E = equated annual operating expense (including taxes) 
during the entire life of the new plant inclusive of 
cost of repairs and natural depreciation, but ex- 
clusive of functional depreciation, 
e = same as E for the old property during its remaining 
life, 

K and k = total equated or true annual cost during the entire 
life of the new property and the remaining life of 
the old property, respectively, 

V = depreciated value of the old property, 

U and u = unit cost of production of the new and of the old 
property, respectively, 

Y and y = annual output in unHs of the new and of the old 
property, respectively. 

Then U = K/Y = [Cr + F + (C - S)F\/Y (296) 

w = k/y = [vr + e + {v - s)j]/y. (297) 

If the annual unit cost of production of the new property is the same 
as that of the old 

U = u 

and [Cr + F + (C ~ S)F]/y = [vr + e + {v - s)f]/y- (298) 

If the right-hand member of the equation is less than the left-hand 
member, it is cheaper to retain the old unit; if it is greater, then it is time 
to sell or scrap the old and buy the new. 

For ordinary use, equation (298) may be reduced to a simpler form. 
Thus, if U = Uy Y = y and F = /, which is frequently the case, equation 
(298) may be reduced to the form 

v = C + liE'- e) +f{S - s)] ^ (r +/). (299) 

Furthermore, F is generally equal to / or nearly so, in which case equation 
(298) may be expressed 

= + = (300) 

When functional depreciation is non-existent, / = 0 and equation (299) 
becomes 

t; « C ~ (e - E)/r. • (301) 
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TABLE 124 

ELECTRIC OPERATING EXPENSES — TEAR 1926 
{InclvMng Amortization and Depreciation) 
Commonwealth Edison Company 


Total Expense, 
Thousands 
of Dollars 

Per Cent 
of Total 
Expense 

Cost per 
Kw-hr., 
Mills 

107.27 

0.26 

0.03 

778.47 

1.91 

0.23 

434.50 

1.07 

0.13 

303.27 

0.75 

0.09 

168.03 

0.41 

0 06 

12,700.71 

31.32 

3.78 

2.70 

0.00 

0.00 

44.16 

0.11 

0 01 

172.25 

0.42 

0.05 

223.33 

0.55 

0.07 

788.30 

1.93 

0.23 

76.02 

0.19 

0.02 

387.92 

0.95 

0.12 

72.75 

0.17 

0.02 

90.81 

0 22 

0.03 

16,350.50 

40.26 

4.87 

1,262 37 

3.11 

0.40 

1,262.37 


0.40 

313.29 



319 44 



632.73 

1.55 

0.20 

31.38 

0.08 

0.01 

3.67 

0.01 

0.00 

31.18 

0.07 

0.01 

8.93 

0.02 

0.00 

24.24 

0.06 

0.01 

4.14 

0.01 

0.00 

103.53 

0.25 

0.03 

433.18 

1.07 

0.14 

851.05 

2.10 

0.27 

263.91 

0.65 

0.08 

563.09 

1.38 

0.18 

24.40 

0.06 

0.01 

470.70 

1.16 

0.15 

85.22 

0.21 


207.17 

0.61 


121.36 

0.30 


11.04 

0.02 


69.46 

0.17 


317.17 

0.78 

0.10 

228.27 

0.66 

0.07 


Steam Power Generation 

Superintendence 

Boiler Labor 

Engine Labor 

Electrical Labor 

Miscellaneous Labor 

Fuel for Steam 

Water for Steam 

Lubricants 

Power Plant Supplies and Expenses 

Maintenance of Steam Power Buildings and 

Fixtures 

Maintenance of Boilers and Boiler Plant Equip- 
ment 

Maintenance of Steam Power Plant Accessories 
Maintenance of Steam Power Electric Gener- 
ating Equipment 

Maintenance of Steam Power Plant Switch- 
board and Wiring 

Maintenance of Miscellaneous Steam Power 

Plant Equipment 

Total Steam Power Generation 

Electric Energy Purchased, Exchanged or Transferred 

Electric Energy Purchased 

Total Electric Energy Purchased, etc — 
Transmission 

Operation of Transmission Lines 

Maintenance of Transmission Lines 


Storage Battery 

Storage Battery Labor 

Storage Battery Supplies 

Miscellaneous Storage Battery Expenses, . 
Maintenance of Storage Battery Buildings 

Maintenance of Batteries 

Maintenance of 'Accessories 

Total Storage Battery 

Distribution 

Distribution Superintendence 

Substation Wages 

Substation S^plics and Expenses 

Operation of Distribution Lines 

Maps and Records 

Inspecting and Testing; Meters 

Inspecting and Changing Transformers . . . 

Removing and Resetting Meters 

Miscellaneous Distribution Operating Labor. . . 
Miscellaneous Distribution Supplies and Ex- 
penses 

Maintenance of Substation Buildings 

Maintenance of Substation Equipment 

Maintenance of Overhead Distribution Pole 
Lines 
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TABLE lU--C<yncluded 



Maintenance of Overhead Distribution Con- 
ductors •. 

Maintenance of Underground Distribution 

Conduits 

Maintenance of Underground Distribution 

Conductors 

Maintenance of Services 

Maintenance of Meters 

Maintenance of Transformers 

Total Distribution 

Ulilization 

Municipal Street Incandescent Lamps 

Commercial Arc Lamps — Labor 

Commercial Arc Lamps — Supplies and Ex- 
penses 

Commercial Incandescent Lamps 

Inspecting and Adjusting Customers* Instal- 
lations 

Leased Appliances Expense 

Miscellaneous Utilization E^qjensc 

Maintenance of Commercial Incandescent 

Lamps and Equipment 

Maintenance of Leased Appliances and Fixtures 

Total Utilization 

Commercial 

Meter Reading — Salaries and Expense 

Collecting — Salaries and Ex()ense 

Consumers’ Accounts — Salaries 

Contract Department. 

Office Supplies and Miscellaneous Expense 

Total Commercial 

New Business 

Simerintendence 

Office Salaries 

Soliciting 

Miscellaneous Supplies and Expenses 

Advertising 

Wiring and Appliances 

Total New Business 

General and Miscellaneous 

Salaries and Expenses of General Officers 

Salaries and Expenses of General Office Clerks. 

General Office Supplies and Expenses 

Statione^ and Printing 

General Office Rents 

Maintenance of General Buildings 

Operation of Communication System 

General Law fi^xpense 

Injuries and Damages 

Insurance 

Relief Department Pensions and Welfare Work 

Miscellaneous General Expense 

Depreciation 

Amortization of Intangible Capital 

Total General and Miscellaneous 

Grand Total Electric Operating Expenses 

Total Kw-hr. Generated and Purchased 


Total Expense, 

Per Cent 

Thousands 

of Total 

of Dollars 

Expense 

51.81 

0.13 

55.09 

0.14 

230.06 

0.57 

52.52 

0.13 

155.59 

0.38 

80.24 

0 21 

4,271.35 

10.53 

47.39 

0.12 

1,755.31 

4.^ 

250.35 

0.61 

34.98 

0.08 

202.94 

0.50 

178.28 

0.44 

90.60 

0.22 

2,559.86 

6.30 

290.79 

0.71 

389.60 

0.96 

1,417.09 

3.49 

221.59 

0.55 

260 15 

0 64 

2,579.23 

6.36 

30.08 

0.07 

26.42 

0.06 

185.64 

0.46 

68.85 

0.18 

583.74 

1.44 

33.73 

0.08 

928.47 

2.27 

295.25 

0.72 

1,417.08 

3.49 

265.86 

0.66 

0.07 


1,008.11 

2.46 

268.27 

0.67 

117.51 

0.29 

218.24 

0.54 

138.67 

0.34 

218.24 

0.54 

775.19 

1.91 

724.43 

1.78 

6,929.22 

14.62 

540.00 

1.33 

11,916.83 

29.35 


100.00 
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If it is time to replace the old equipment with the new, it has reached 
the end of its economical life and its depreciated value is equal to its 
salvage value and v = s. If the new and old units have the same output 
Y = y. Assuming Y = y and v = s, equation (298) reduces to the form 

Cr + E+(fl - S)F = + e. (302) 

This relationship is shown graphically in Fig. 678. 



Fia. 678. Unit-cost Depreciation Method Showing Time of Replacement on 
Account of Obsolescence or Inadequacy. 

If the annual operating expenses, 0, other than depreciation, are the 
same for the new as for the old property, we have 

E = D{C-S)^0 
e = d{v — s) 0 

in which D = depreciation annuity for the total life of the old property, 
d = depreciation annuity for the remaining life of the new 
property. 

Substituting these values for E and e in equation (302) and reducing, 
we have 

= 5 -f (D -(- r) (C - ^) ^ (d -I- r) (303) 

which gives identically the same results as the ordinary sinking-fund 
formula, equation (294). 

E and e, equated annual operating expenses, are calculated as follows: 
Take the total cost of labor, repairs, supplies and other items for the 
first year the property is in operation and find what this would amount 
to at compound interest for the years remaining in the estimated life of 
the plant. Similarly, the operating expense for each succeeding year 
is compounded for the respective remaining years. Add these various 
sums together and multiply by the annual deposit in a sinking fund which, 
if started at the beginning of the assumed life, will equal 1 at the expira- 
tion of the assumed economic life. The resulting product is the equated 
annual operating expense. 
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Example 92. — An engine, purchase price $6000.00, is four years old 
and the yearly cost of operation, including supplies, taxes, insurance, 
labor and repairs (but not including functional depreciation) for these 
years is as follows: first year $3000.00, :jecond year $3250.00, third year 
$3750.00, fourth year $4500.00. If the interest rate is 6 per cent, required 
the equated annual operating costs. 


Solution. — $3000.00 @ 6 per cent compounded annually for 3 yr. = 
3000 X (1.06)3 = $3573.05 

$3250.00 @ 6 per cent for 2 yr. = 

3250 X (1.06)2 = 3651.70 

$3750.00 @ 6 per cent for 1 yr. = 


3750 X 1.06 = 
$4500.00, no interest 


3975.00 

4500.00 


Total Cost $15,699.75 

$3590.21 annually placed at compound interest at 6 per cent for 4 yr. 
would amount to $15,699.75; thus, from equation (292d), 

15,699.75 X 0.06 (0)6" - 1) = $3590.21. 

This is the equated annual operating cost. 

Example 93. — Suppose a new type of engine is on the market, suitable 
for the service performed by the one mentioned in Example 92, but more 
economical in operation. The new engine costs $10,000, and its estimated 
functional life and salvage values are fifteen years a i n J^OOO, respectively. 
Assuming that the salvage value of tlie olcl engine is $400 and that the 
estimated equated annual operating cost of the new units is $2600 per 
year, will it pay to junk the old one? Assume interest rate on the sinking 
fimd deposits to be 6 per cent. 


TABLE 125 

TYPICAL WEEKLY POWER-PLANT REPORT 

The Detroit Edison Company 
Connors Creek Plant 
For Week Ending September 1st, 1923 


Lb. of coal per kw-hr. delivered 1 . 604 

B.t.u. per kw-hr. delivered 20,048.0 

Overall thermal efficiency, per cent 17.03 

Plant water rate — lb. per kw-hr. delivered 13.46 

Combined boiler furnace and grate efficiency, per cent 76.0 

Condensing water inlet temperature, deg. fahr 68.0 

Output 

Net delivered, kw-hr 12,446,600.0 

Average output per day, kw-hr 1,778,086.0 

Ratio net delivered to total generated, per cent 97.21 
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Coal 

Coal consumed, lb 

Average coal consumed per day, tons 

Total moisture, per cent 

Ash (dry coal), per cent 

Heating value (as fired), B.t.u. 
Heating value (dry) 

Refuse analysis 

Average carbon in refuse, per cent 


Analysis 


18,726,100.0 

1,338.0 

3.995 

10.0 

13.330.0 

13.886.0 


15.15 


Solution. — Here C = 10,000, r = 0.06, E = 2600, S = 1000, s = 
400, e = 3590.21 (from example 92). 

From equation (292rf), F = 0.06 -4- (1.06^® — 1) = 0.0429. 

Substituting these values in equation (302) and solving 

laOOOJCJLOe + 26_00 + (10,000 :iJQQQ)iLQ429 < 0.06 X 400 + 3590.21 

3586.1 < 3614.21 

Since 3586.1 is less than 3614.21, it would pay to make the change. 

f Example 94. — A steam turbine unit, initial cost $25,000. has been 
\in operation for ten years, and its equated g^nnual o perating cost for this 
I period is $10,000 . , l^he depreciation annuity for this equipment is based 
[on an assumed functional life of fifteen years with interest at 6 per-cent. 
A new and more economical unit of the same capacity as the dd one can 
be purchased completely installed for $40,000. The estimated equated 
annual operating expense of the new unit is $8000. If the old unit can 
be sold for $1000 net,^hat is its depreciated value?) Assume a functional 
life of 20 years for the new unit and a salvage value of $1500. 


TABLE 126 

OUTPUT AND COST DATA 
Southern California Edison Company 
(Year 1926) 


Transmitted from hydro-electric plants, kw-hr 1,661,000,296 

Transmitted from steam plants 559,502,676 

Electric energy purchased from other sources 7,376,900 


Total transmitted and purchased 2,227,879,772 

Electric energy used in other departments • 12,012,259 

Transmission loss 313,844,581 

Sub-station loss 1,791,202 

Unaccounted for 135,597,122 


Total 463,245,164 

Total sold, light and power 1,764,634,608 
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Operating revenue: 

Sale of electricity $23,377,616.10 

of meters | 

Joint electric J ^ 

Merchandise and jobbing 37,003 . 50 

Rent of appliances 5,609 . 79 


Total $27,369,442.89 

Water dept 5, 609 . 79 


Total electric and water 

Operating expense: 

Production and transmission 

Distribution 

Commercial 

General office 

Taxes 

, Uncollectible bills 

Depreciation 

Water dept 


$27,375,052.68 


$ 3,144,043.82 
1,187,412.40 
1,249,837.46 
1,003,492.59 
2,485,581 .53 
56,546.67 
3,329,969 46 
14,529.35 


Total electric and water 


13,101,413.28 


Net operating revenue 14,273,639.40 

Net non-operating revenue 471,465.50 


Total net revenue $14,745,104.90 

Total investment (12-31-26) $234,578,420.37 

Cost of operation per kw-hr. transmitted and pur- 
chased, cents (Includes depreciation) 0.587 

Cost of operation per kw-hr. sold, cents (Including depreciation). . . 0.781 



Pig. 679. Daily Load Curve, Showing Influence of Variable Generator 
Load on Steam Economy. 
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TABLE 127 

POWER COST WORCESTER (MASS.) ELECTRIC LIGHT CO. 

( 1922 ) 

Equipment: Boilers: 6 Stirling, 2 Edge Moor, 6 Bigelow-Hornsby. 

Turbine Units: 2 20,CXX)-kva., 2 7800-kva. 

Stokers: Underfeed for bituminous, Forced-draft chain grate for 
anthracite. 

Fuel: 66,956 tons of bituminous at $7.52 and 13,613 tons of anthracite at $5.12 

per ton. 

Output: 73,256,100 kw.-hr. Maximum load 32,600 kw., yearly load factor 0.256. 

PRODUCTION EXPENSE 


Supenntendence 

Total 

Per Kw.-hr., Cents 

Per Cent of Total 

Labor: 

$17,058 

0.0233 

2.13 

Boiler 

$35,599 

0 0486 

4.44 

Turbine 

18,905 

0.0258 

2 37 

Electrical 

6,824 

0 00933 

0.86 

Miscellaneous 

7,109 

0.0097 

0.88 

Total labor 

68,437 

0.09343 

8.55 

Supplies: 

Boiler f uel 

$580,583 

0.793 

72.40 

Water for steam .... 

322 

0.00044 

0.04 

Lubricants 

3,653 

0 00499 

0.47 

Station ! 

29,770 

0.0406 

3.75 

Total supplies 

614,328 

0.83903 

76.66 

Maintenance: 




Station structures. . . . 

$21,237 

0.0290 

2.65 

Boiler plant equip. . . 

31,059 

0.0424 

3.79 

Turbine units 

. 21,217 

0.02895 

2.65 

Generator equip. 

8,755 

0 01185 

1.09 

Accessory elec, equip. 

1,475 

0 002015 

0.02 

Miscellaneous equip. 

19,717 

0 0269 

2 46 

Total maintenance 

103,460 

0.14115 

12.66 

Grand Total 

$803,283 

1 097 

100.00 


Solution. — Here C = 40,000, r = 0.06, E = 8000, S = 1500, 5 = 

1000 . _ 

F = 0.06 -i- (1.06"'° - 1) = 0.02718 
/ = 0.06 (1.06'® ~ 1) = 0.04296. 

Substituting these values in equation (298), noting that Y — y, we 
have 

(40,000 X 0.06 + 8000 + (10,000 - 1600) 0.02718)= 

0.06 V + 10,000 +(v - 1000) 0.04296, 

from which v = $6546.13, the present or depreciated value of the old 
unit. 

According to the straight-line law, equation (290) the present value 
is $9333.33, and according to the sinking-fund law, equation (294), it is 
$11,700.00. The depreciated value of any used device, or its true worth 
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to a purchaser, according to the unit-cost depreciation law, is dependent 
solely upon its equated annual operation costs when compared with those 
of a more economical device which can do the same work, and not upon 
its first cost or age. 

Power Plant Accounts: W. A. Miller, Power, Nov. 1, 1921, p. 680; Dec. 13, 1921, 
p. 934. 

Analyzing the Power Purchase Problem: Power, May 18, 1926, p. 777. 

Fundamentals of Public Utility Rates: National Engrg., April, 1924, p. 161. 

365. Operating Costs. — General Division. — The distribution of the 
operating costs depends largely upon the size and nature of the plant. 
In the small isolated station the term operating costs ” without qualifi- 
cation refers to the generating or station operating costs, exclusive of 
fixed charges. These costs are commonly divided as follows: 

. 1. Labor and attendance. 

2. Fuel and water. 

3. Oil, waste, and sundry supplies. 

4. Repairs and maintenance. 

In some of the larger isolated stations, a more extensive division is 
often made but there appears to bo no accepted standard. 

In large central stations, the operating costs are divided under the 
major headings of 

1. Production expenses. 

2. Transmission expenses. 

3. Electric storage expenses. 

4. Utilization expenses. 

5. Commercial expenses. 

6. New business expenses. 

7. General and miscellaneous expenses. 

The extent of the subdivisions under each subheading depend upon 
the size and nature of the plant. See Table 124. 

A number of large central stations limit the major headings to 

1. Generation. 

2. Administration. 

3. Distribution. 

Some companies include all or part of the fixed charges under the 
major heading; others limit the operating costs to expense, which is 
dependent only on the output. Because of this diversity in bookkeep- 
ing, comparisons of the cost of power based on the annual reports are 
without purpose. A. few annual reports illustrating the different systems 
of accounting are reproduced in the accompanying tables. 
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366. Labor, Attendance, Wages. — The minimum number of men 
required to handle a given plant is approximately a fixed quantity and 
it is seldom possible to so arrange the work that any material reduction 
can be effected. Until very recently it has been the universal custom 
to pay wages on a ‘‘ flat rate basis; that is, the attendant is given a 
fixed sum per day or month irrespective of the amount of work required 
or the economy of operation. In some cases, however, the bonus system 
has been successfully adopted. For example, in the hand-fired boiler room 



Day ol the M(mar 

Fig. 680. Monthly Load Curve of Combined Heat and Power Plant, 

Armour Institute of Technology. 

the coal consumption is determined for a given period of time with ordinary 
carefuh firing, and the fireman is offered a reasonable percentage on the 
saving of coal which he is able to effect over this record by special care 
and attention to the keeping of fires always in the best condition, avoid- 
ing the blowing off Of steam, using as little coal as needed for banking 
fires, and in other ways. Where careful records are kept of supplies, 
repairs, and renewals, the bonus is also applicable to electricians, oilers, 
and other employees. 

Labor should always be estimated or recorded as so many dollars 
per month or per year and not merely in terms of the output unless the 
load factor is definitely known; otherwise comparisons are misleading. 
For example, consider two plants of 500 kw. capacity, each with labor 
charges, say, of $400 per month. Suppose the output of one is 100,000 
kw-hr. per month and that of the other 40,000 kw-hr. per month. The 
monthly charges are evidently the same, viz., $400, but the cost per kw-hr. 
differs widely, being 0.4 cent in the first case and 1 cent in the latter. 

The cost of labor varies so much with the location of the plant and the 
conditions of operation that general figures are of little value except as a 
rough guide. Specific figures will be found in the accompanying tables. 

For a summary of labor costs in large central stations see “Central-Station Labor 
Costs,” Electrical World, Nov. 16, 1912, p. 1031. 
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TABLE 128 

COMPARISON OF PRODUCTION EXPENSES PER KW-HR. OF OUTPUT FOR CONNORS CREEK 
AND TRENTON CHANNEL PLANTS OP THE DETROIT EDISON COMPANY 




Twelve-Month Periods 



1025 

l! 

026 

‘ 

Connors 

Creek, 

Cents 

Trenton 

Channel, 

Cents 

Connors 

Creek, 

Cents 

Trenton 

Channel. 

Cents 

Operation: 





Superintendence 

0 012 

0 015 

0 on 

0 011 

Wages 

0.059 

0 053 

0 057 

0.044 

Fud 

0.310 

0.244 

0.299 

0.235 

Lubricants .... 

0.002 

0.001 

0.002 

0.001 

Station supplies and expense 

0 010 

0.019 

0 011 

0.016 

Total 

0.392 

0 331 

0 380 

0.307 

Maintenance: 





Station buildings 

0 015 

0 008 

0 017 

0 007 

Steam equipment 

Electrical equipment 

0 035 

0.020 

0 m 

0.025 

0.004 

0.002 

0 005 

0 001 

Miscellaneous equipment 

0.003 

0 002 

0 004 

0.004 

Total production expense 

0 450 

0.364 

0.444 

0 344 

Net Output (ipill ions of kw-hr.) .. . . 

663 64 

507.23 

715 61 

714 27 

Maximum demand in kw. (30 min.). . . 

159,000 

128,000 

171,000 

152,500 

* Average daily load factor for 12-month 



periods ... 

67.7 

70 3 

66.3 

68.0 

Lb. of Coal per kw-hr 

1.523 

1.203 

1.515 

1.186 

B.t.u. per kw-hr 

20,480 

16,420 

20,090 

15,830 


• Straight Average. 


367. Cost of Fuel. — Tables 124 to 131 give specific examples of the 
cost of fuel in different sizes and types of steam power plants. It will be 
noted that this item varies considerably even with plants of the same 
general class. So much depends upon the grade and market price of the 
fuel, type and size of plant, and conditions of operation that no single 
item can afford a means of comparing fuel costs in different plants. Such 
items as lb. coal per kw-hr.,^^ ‘‘ cost of fuel per kw-hr.,” or the equiva- 
lent have their value in any accounting system, but fail utterly as a measure 
of the economy of operation unless accompanied by a statement of the 
qualifying conditions. For example, an inefficiently operated plant using 
a high-grade fuel may show a lower fuel consumption, lb. per kw-hr., 
than an economical plant using a low-grade fuel, and an uneconomical 
plant using a very cheap fuel may show a lower ** cost of fuel per kw-hr.” 
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tiian an efficiently operated plant using costly fuel. Similarly, two plants 
of the same size and type, and using the same fuel, may show considerable 
difference in both “ lb. of fuel per kw-hr.” and “ cost of fuel per kw-hr.” 
because of difference in load factor, even though both plants are effi- 
ciently operated for the ^ven conditions. In a number of recent installa- 
tions, the station operating records include the heat supplied by the fuel 
per kw-hr. generated (“ B.t.u. per kw-hr.”) and the cost of the fuel on a 

TABLE 129 

NET SYSTEM, GENERATING ECONOMY 

Detroit Edison Co. 

(May 31, 1926, to May 31, 1927) 



Delray 

Connors 

Creek 

Marysville 

Trenton 

Channel 

Combined 

System 

Economic Results: 






Pounds of coal per kilowatt-hour net 

1 725 

1 511 

1 341 

1 164 

1 378 

B.t.u. per kilowatt-hour net 

22,610 

19,960 

17,160 

15,450 

18,120 

Over-all plant thermal efficiency, per cent 

15 10 

17 11 

19 90 

22 10 

18 85 

Plant water rate, pounds per kw-hr. net . 

15 27 

13 11 

11 93 

11 47 

12 57 

Boiler and furnace efficiency, per cent 
Boiler, furnace and economizer efficiency. 


75.4 

78 7 

79 00 


per cent 

74 7* 

75 4t 

81 6t 

87 6 

80 0 

Average monthly load factor, per cent . . 
Output! 

51 0 

56 8 

58 0 

57 1 


Net output, kw-hrs 

266,515,500 

673.171,400 

328,046,300 

795,088,700 

2,063,721,900 

Average net output per day, kw-hrs. . 
Ratio auxiliary kw-hr. to net kw-hr., per 

730,200 

1,844,300 

901,200 

2,178,300 

5,654,000 

cent 

4 7 

3 4 

4 8 

5 4 

4 6 

Fbwer Factor: § 






3 a.m., per cent 

90 

85 

85 

72 

81 

10 a.m., per cent 

93 

80 

91 

78 

83 

8 p.m., per cent 

Coal: 

92 

92 

93 

79 

89 

Average coal consumed per day, tons 
Heating value (as received) British ther- 

630 

1,393 

604 

1,268 

3,805 

mal units, per pound ... 

13,110 

13,210 

12,800 

13,270 

13,150 


• Economizers on two of eleven boilers, t Economizers on none of boilers. X Economizers on two boilers 
for three months, on three for four months; no economizers on four boilers. § Average daily except Sunday. 


heat basis (cents per 10,000 B.t.u. or B.t.u. for 1 cent). These two items 
in connection with the load factor offer a satisfactory criterion of the fuel 
economy for plants of the same general design. Large central stations, 
with individual units of 40,000 to 90,000 kw. rated capacity and a yearly 
load factor of 50 per cent or more, have been credited with a yearly per- 
formance of 13,000 B.t.u. per kw-hr. generated, corresponding to an overall 
thermal efficiency of approximately 26 per cent. With 11,000 B.t:U. 
screenings, this is equivalent to approximately 1.2 lb. coal per kw-hr. and 
with 13,000 B.t.u. coal, about 1.0 lb. coal per kw-hr. Better results 
than this have been obtained for brief periods of operation, but when 
averaged over a considerable period of time, the standby losses, such as 
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coal burned in banking fires, heat lost in blowing down boilers, lower 
efficiency in operating at underloads and overloads, and the like, reduce 
the overall efficiency to substantially that given above. The coal con- 
sumption per kw-hr. for a number of medium-sized central stations in 
Massachusetts for the year 1922 is given in Table 129. 

In estimating the cost of fuel for a proposed installation the logical 
procedure is as follows: 

1. Construct load curves for the probable power requirements. 

2. Calculate the total weight of steam supplied from the load curve. 

3. Transfer the total steam requirements to the unit water-rate basis. 

4. Reduce the average unit water rate to B.t.u. supplied by the steam 
per unit output.'' 

5. Divide the average B.t.u. supplied by the steam per unit output 
by the estimated overall boiler efficiency, considering all standby loss. 
This gives the B.t.u. supplied by the fuel per unit output. 

6. Reduce the cost of fuel to cost per 10,000 B.t.u.," or “ B.t.u. 
per 1 cent." 

7. Multiply item 5 by item 6 and divide by 10,COO, if the 10,000 B.t u. 
basis is used, and divide item 5 by item 6 if the B.t.u. per cent " basis is 
used. This gives the average cost of fuel per unit output for the required 
period. 

The construction of the load curves is the most important item, since 
the cost of the fuel per unit output is primarily a function of the load 
factor. 

The total weight of steam is calculated from the load curve by con- 
sidering the unit water rate of the prime mover and steam-driven auxiliaries* 
at the variable loads, and the time element. 

The heat supplied by the steam is measured above the temperature 
of the feedwater. In plants where exhaust is used for heating or manu- 
facturing purposes, only the difference between the heat supplied to the 
prime movers and steam-driven auxiliaries and that of the exhaust utilized 
for heating is charged to power. 

Current practice gives an average efficiency (based on yearly operation) 
of boiler and furnace of 80-90 per cent for large lighting and power stations 
with yearly load factor of 0.45 or more, and 75-85 per cent for similar 
stations with load factor between 0.35 and 0.40. For very low load 
factors, 0.25 and under (as in connection with large manufacturing plants, 
tall office buildings, and other plants operating on a twelve-hour basis), 
this overall efficiency seldom exceeds 70 per cent. With these figures 
as a guide, the cost of fuel per unit output may be roughly approxi- 
mated. 



TABLE 130 

COST OF LABOR, SUPPLIES AND MAINTENANCE 
Maasachusetts Central Stations 
Year Ending 1922 
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86S. 011» Waste, and Supplies. — These items approximate from a 
fraction to 5 per cent of the total operating expenses. Tables 124, 127, 
128 and 130 give some idea of current practice in different classes of 
power plants. 

369. Repairs and Maintenance. — This item ordinarily refers to the 
cost of keeping the plant in running order over and above the cost of 
labor or attendance, and depends upon the age and condition of the 
plant and the efficiency of the employees. Tables 124 to 133 give the 
cost of repairs and maintenance for a wide range in power-plant practice 
for the years 1920-23. 

370. Cost of Power. — The actual cost of producing power depends 
upon the geographical location of the plant, the size of apparatus, the 
design, conditions of loading, system of distribution, and the method of 
accounting. Tables 124 to 133 compiled from various sources give the 
detailed costs of a large number of central and isolated stations. 

1921 Experience Exchange: National Assoc, of Building Owners and Managers, 
Edison Bldg., Chicago. 



Fig. 681. Yearly Load Curve, Showing Influence of Temperature on Coal Consump- 
tion. Combined Heat and Power Plant, Armour Institute of Technology. 

371. Elements of Power-plant Design. — The real problem which con- 
fronts the designing engineer is not so much the selection and arrangement 
of apparatus for a given set of conditions as it is to foresee the conditions 
under which the plant is likely to operate. For this reason, the plans 
for the station should be examined and approved by the owners and 
expert service employed at the outset. It is not sufficient to have a 
mechanically perfect plant, though of course proper installation is of 
prime importance. The choice of fuel, selection of type of prime mover, 
size of units, provision for future expansion, method of establishing the 
station heat balance, and similar factors have considerable weight in the 
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economy of operation. Each proposed installation is likely to be a proi> 
lem in itself, and though similar plants may be used as patterns, each case 
should be worked out on its own merits. 

In the case of an electric generating station, the first item to be con- 
sidered is the kind of current, voltage, and distributing system best suited 
for the particular service to be rendered. In the older office buildings, 
stores, hotels, and small industrial plants having their own isolated plant, 
the direct-current, low-voltage (^25-250), three-wire system predominates, 
but in many recent installations alternating-current generators are em- 
ployed, so that minimum changes would be necessary in case central- 
station power is purchased. 

In large industrial plants and central stations, alternating currents are 
the more common, the frequency and voltage depending upon the class of 
service. As a general rule, the smaller stations generate lower voltages 
than the larger ones. In the more recent designs, three-phase current 
generation predominates, not only because the energy can be transmitted 
very economically but also because the three-phase can be readily trans- 
formed into single or two-phase currents. The frequencies most generally 
employed are 25- and 60-cycle, with an increasing leaning toward the 
latter. The maximum voltage for which generators are designed is 
14,000, but much higher values are used for transmission. The problem 
of selecting the voltage, kind of current, etc., for the particular service 
required should be left to the designing engineer at the outset. 

One of the most important factors in the design of a power station is 
the determination of the probable load curve. This refers not only to the 
average yearly load but also to the maximum daily load which is likely 
to occur, the minimum daily load, temporary peak loads, and probable 
future increase. The load factor, which has such a marked bearing on 
the cost of operation, may be closely approximated from the daily load 
curves. Steam requirements for heating and industrial purposes, water 
supply, and other forms of energy requirements should be considered 
simultaneously with the electrical demands, since these factors largely 
influence the choice of prime mover. The curves in Figs. 671 and 673 are 
taken from the daily records of large power stations in Chicago and serve 
to illustrate the great variation in the electrical power demands for differ- 
ent days in the year. It is quite evident that an equipment based solely 
upon the average yearly requirements may not be adapted to the best 
economical operation. 

The load curves for manufacturing plants may be predetermined with a 
fair degree of accuracy, since the power demands for various purposes 
inay be readily segregated and analyzed, but with public utility concerns 
and certain classes of isolated stations the problem is largely a matter of 
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judgment. Thus, in the case of an industrial plant, the power require- 
ments for lighting, manufacturing purposes, heating, ventilation, and 
sanitation may be closely approximated, since the size of building, exposure, 
number of floors, and the number of ele^^ators afford a definite basis for 
analysis; but, with public utility concerns, the probable load depends 
largely upon the business acumen of the management in securing customers, 
the location of the plant, and future demands. In the latter case, the load 
curve is based chiefly upon the experience of similar plants under com- 
parable conditions of operation. 

TABLE 132 

OPERATiNa Costs op Typical Industrial Plants 


( 1922 ) 

(Harry Himelblau) 


Plants 

A 

B 

Number of boilers in plant 

Rated capacity of boilers 

6 

3 

i,m 

500 

Number of boilers in operation 

3 

Number of boilers in reserve 

2 

0 

Boiler hp. in operation 

900 

500 

Boiler hp. generated 

1,200 

500 

Per cent rating of boilers in operation 

133 

100 

Pressure lb. gage 

150 

100 

Steam generated per hour, lb 

41,250 

17,500 

54,500,000 

Steam generated per year, lb 

217,000,000 

Fuel per year, tons 

19,000 

7,200 

Average annual evaporation, lb. per lb. of coal 

5.75 

3.78 

Average coal cost per ton 

$6.89 

$7.45 

Annual operating costs 

Coal and handling . . . 

$134,000 

$55,000 

Engine and boiler-room labor 

11,800 

10,300 

Repairs 

7,400 

1,000 

City water 

750 

185 

Boiler compounds 

750 

400 

Oil and waste 

2,300 

300 

Purchased power 

30,000 

20,000 

Total . . . 

$187,000 

$87,185 

Cost per thousand pounds of steam 

(excluding cost of power) 

$0.72 

$1.23 

Cost per kw-hr. 

Purchased power 

0 02 

0 02 

Generated power 

0.035 

0.035 


In any case, the greatest care should be exercised in estimating the 
maximum peak load which is likely to occur. High peak loads with low 
daily average necessitate the installation of^ large machines which are idle 
or operate uneconomically the greater part of the time and result in heavy 
fixed charges. The financial failute of many electric light and power 
plants is directly traceable to failure to consider the influence of maximum 
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peak loads on the ultimate cost of operation. In connection with central- 
station service, every customer represents a certain investment, regardless 
of the amount of power used. Even should he consume no power, his 
account would have to be carried on the books and a certain amount of 
equipment would have to be held in readiness to serve him. In order 
that every customer shall incur his share of the expense, the expense of 
the plant must be apportioned between the capacity and output costs. 
The heavier the peak load, the greater will be this charge, and, as in case 
with many small lighting plants where current is used but three or four 
hours a day, the readiness to serve ’’ charge becomes excessive, and 
either the station must operate at a loss or the unit cost will appear to be 
prohibitive. 

The curves in Fig. 679 are taken from recording ammeter and recording 
steam-meter readings of a 200-kw. direct-connected and a 45-kw. belted 
generator set installed at the power plant of the Armour Institute of 
Technology, and serve to illustrate the influence of load on economy for 
very imfavorable conditions. At 8:00 a.m. the small unit is started up 
with initial load of about 150 amperes. As the load increases the water 
rate decreases, as is shown by the curve AB, At 9:00 a.m. the load is 
beyond the capacity of the small machine and the large unit is put into 
service. The increased water rate of the large unit over the requirements 
of the smaller is apparent from the sudden rise in the water-rate curve. 
This is due to the fact that the large unit is operating at only 20 per cent 
of its rating, against full load for the small one. The fluctuation of the 
water rate with the load variation is clearly shown. Evidently the two 
units are not of the proper size for the particular load conditions. During 
the heating months when live steam is necessary for “ make-up pur- 
poses, the unfavorable engine load has little effect on the ultimate economy, 
but during the summer months the loss from this cause may be a serious 
one. 

The curves in Figs. 680 to 681 show that during the winter months, in a 
combined heating and power plant, the fuel requirements may be practi- 
cally uninfluenced by the electrical demands, and an increase in electrical 
output does not effect an appreciable increase in fuel consumption; but 
the influence of the outside temperature is clearly indicated. 

Steam Power Station Design: H. B. Brydon, Power, May 22, 1928, p. 925. 

372. Refinement in Power-Plant Design. — There is no question but 
that the installation of varioui^ appliances for utilizing the so-called waste- 
heat losses and the use of high-pressure and high-temperature steam, 
operating in heat cycles other than the Rankine, will result in increased 
ovwall thermal efficiencies far above those obtained without these refine- 
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TABLE 133 

Annual Cost op Steam Heating 

Chicago Buildings 
(1922) 


Type of Building 

0 

0 

0 

0 

D 

H 

H 

No. of floors 

19 

20 

21 

19 

11 

21 

17 

Building vol., million cu. ft 

7 5 

13 

9.5 

3.7 

11.3 

7 

18.1 

Total steam, million lb 

30.9 

71.0 

37.9 

18.1 

22.4 

53,1 

12.5 

Total coal, one thousand tons . . 

2.87 

6 48 

3.46 

1.69 

2.11 

4.54 

1.15 

Coal delivered, dollars per ton. . . 

5.88 

5.79 

6.37 

6.58 

6.45 

5.95 

5.86 

Boiler hp.-hr., millions 

1.03 

2 37 

1 19 

0.60 

0.75 

1.77 

0.42 

Lb. steam per lb. of coal 

5.4 

5 17 

5.18 

5.33 

5.30 

5.84 

5.43 



Cost por 1000 Lb. of Steam, ' 

Cents 


,Coal 

54.6 

53.2 

61 5 i 

61.7 

60.9 

51.0 

53.9 

Labor 

19.3 

20 5 

21 4 

24.6 

22 7 

16.8 

17.3 

Ash removal 

1.9 

1 8 

2 9 

2.8 

2.4 

2.2 

2.3 

Supplies 

3 7 

3.2 

4 1 

2 8 

3.3 

3.9 

3.3 

Repairs 

11.6 

9.7 

14 0 

7.5 

12.1 

13.8 

15.2 

Fixed charges 

18.1 

20.6 

18.6 

17.4 

17.7 

19.9 

18.3 

Total 

$1,092 

$1.09 

$1,225 

«1.I6S 

$1,191 

$1,076 

$1,103 


O, Office Buildings; D, Department Store; H, Hotels. 


merits. This is also true for plants operating on the Benson super-pressure 
or the Emmett mercury-steam principle; but just where the added heat 
economy will be balanced by increased first cost, complexity, and reli- 
ability of operation can only be determined by a careful study of all of the 
factors entering into the problem of power generation. Thermal gains can 
be calculated with a fair degree of accuracy and first cost can be estimated 
within reasonable limits, but reliability of operation can be judged only 
from actual experience. That rapid progress has been made is evidenced 
by the almost revolutionary ideas incorporated in the latest projects. 
Many engineers are very conservative and are slow to adopt any marked 
departure from established practice. This reluctance is not due to op- 
position but rather to an attitude of waiting to be shown,*' with a general 
readiness to accept the innovations as soon ae their value is definitely 
established. Fuel and labor costs and the load factor are the predomina- 
ting influences in determining how far it is commercially feasible to carry out 
the thermal savings. Solely because of the steadily increasing cost of fuel, 
small non-condensing steam-electric plants, which do not permit the utiliza- 
tion of a large part of the exhaust for heating or process work, may soon be 
a matter of history. Electricity for this class of service will, in all prob- 
ability, be furnished either by large central stations or some other type 
of prime mover having lower fuel costs. Even in the large steam-electric 
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TABLE 134 


Cost of Operation, Tall Office Building * 


A. Cost of steam. 

1. Coal $ 8,750.00 

2. Ash removal 70.00 

3. Boiler-room labor 3,000.00 

4. Boiler-room supplies and 

repairs 775.00 

5. Boiler-room depreciation 1,550.00 

6. All plant overhead 775.00 

7. Rental value of space . . . 500.00 


Total steam production. . . 
Cost per thousand lb. . . 
Steam to Generators . . . 
Live steam for heating . 


Total steam for heating. . . 
Live steam for heating . . . 


25.700.000 lb. 
60c 

22.500.000 lb. 
3,200,000 lb. 


25,700,000 lb. 
16,000,000 lb. 
3,200,000 lb. 


$15,420.00 

B. Cost of electricity. 

1. 22,500,000 lb. steam @ 60c 

2. Labor for generators 

3. Supplies and repairs for generators . . 

4. Depreciation on generators 


Exhaust used in heating. . 12,800,000 lb. 

$13,500.00 

3,000.00 

1,500.00 

960.00 


5. Credit exhaust for heating 12,800,000 lb. @ 60c. 


$18,960.00 

7,680.00 


Total output, 500,000 kw-hr. 

Cost per kw-hr. = 2-l/4c. 

Charge electric light sold 150,000 kw-hr. @/ 2-1 /4c. 

Charge electric system for 60,000 kw-hr. @ 2-1 /4c 

Charge elevators for 175,000 kw-hr. 2-1 /4c. 

Charge to general expense 115,000 kw-hr. @ 2-1 /4c. 


$11,280.00 


$3,375.00 

1.350.00 

3.945.00 

2.610.00 


Cost of heating and hot water. 

1. Live steam, 3,200,000 lb. @ 60c 

2. Exhaust for heating 12,800,000 lb. @ 60c 

Total cost of heating 

Prom these figures can be made up the 

Power Plant Statement 


A. 1. Coal 

2. Ash removal 

3. Boiler-room labor 

4. Boiler-room supplies ^d repairs . . 

5. Boiler-room depreciation 

6. All plant overhead 

B. 2. Labor for generators 

3. Supplies and repairs for generators 

4. Depreciation on generators 

C. 1. Labor for heating system 

2. Labor for electric system 

3. Labor for elevators 

A. 4. Electric system 

A. 5. Heating system 

A. 7. Elevators 

A. 8. General expense 

H. 1. Electricity sold 


Debit 

$ 9,250.00 
70.00 
3,000.00 
775.00 

1.550.00 

775.00 
3,000.00 

1.500.00 

960.00 

450.00 

550.00 

750.00 


$11,280.00 

$ 1,920.00 
7,680.00 

$ 9,600.00 


Credit 


$ 1,900.00 

10,050.00 

4.695.00 

2.610.00 
3,375.00 


Total or Account A9.0 $22,630.00 $22,630.00 

Standard form as recommended by the National Association of Building Owners 
and Managers, Executive Office, Edison Building, Chicago, HI. 
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industrial plant with heavy electrical requirements and low demands for 
steam, it may be more economical to purchase central-station service than 
to generate current within the plant itself. 

The curves in Fig. 682, by Hirshfeld and Ellenwood^ are of interest in 
showing what may be expected in the way of coal consumption for a 
200,000-kw. steam-turbine plant operating on various cycles and steam 
pressures. These curves are based on a capacity factor of 100 per cent, 
combined boiler efficiency 84 per cent, throttle temperature 700 deg. fahr., 



Pig. 682. Relative Coal Consumption of Fig. 683. Effect of Steam Pres- 
200,000-kw. Plants Operating on Various sure and Cycle on Cost of Energy 
Cycles and Steam Pressure. at Switchboard of 200,000-kw. 

Plants. 

exhaust pressure 1 in. Hg abs., and heating value of coal 12,300 B.t.u. 
per lb. Under the assumed conditions, it appears that with coal at $5.00 
per ton and a pressure of 600 lb. abs., it is immaterial what cycle is used, 
other than the Rankine, and that the gain in economy above 600 lb. abs. 
is not attractive. With coal costing $8.00 per ton, the best pressure for 
base-load conditions would appear to be near 1000 lb. per sq. in. 

The curves in Fig. 683, also by Hirshfeld and Ellenwood, show the 
effect of steam pressure and cycle on the probable cost of energy at the 

1 * * High-Pressure, Reheating and Regenerating lor Steam Power Plants. ’ * Presented 
at the Annual meeting of the A.S.M.E., Dec. 3, 1923. 
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switchboard for this 200,000-kw. plant. Cost of energy is taken as 1 for 
the Rankine cycle at 200 lb. abs. pressure. 

The curves in Fig. 684 by John A. Stevens and Carl J. Sittinger,^ show 
the relation between coal cost, load factor, and plant costs and offer a 
simple means of estimating how much the necessary refinements will cost 



and whether the saving in operation will offset the additional fixed charges. 
The use of these curves is best illustrated by the examples cited by Stevens 
and Sittinger. 

“ Let us assume two initial designs, — one at $100 per kw. for a 20,000- 
B.t.u. station giving a correction factor of 1.00, and another at $125 per 
kw. for an 18,000-B.t.u. station giving a correction factor of 0.72. With 


I Trans. A.S.M.E., Vol. 44, 1922, p. 1154. 
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coal at $7.50 a ton and 60 per cent load factor, how much could we afford 
to pay for a station giving an economy of 12,000 B.t.u. per kw-hr.?^^ 

For the first case, the 12,000-B.t.u. refined design means 40 per cent 
less B.t.u. per kw-hr., for which it would be permissible to pay 62 per cent 
X 1.00 correction factor = 62 per cent more than the initial design, or 
$162 per kw. 

For the second case, the 12,000-B.t.u. refined design means 33J per 
cent reduction in B.t.u. per kw-hr. for which it would be permissible to 
pay 51 per cent X 0.72 correction factor = 36.7 per cent more than the 
initial design, or $171. 

Overall thermal efficiencies in the sieam-electric plant vary from less 
than 5 per cent of the heat energy of the fuel, for the small non-condensing 
installation discharging the exhaust to waste, to approximately 26 per 
cent in the large modern condensing central station with favorable load 
factor. Even if it were commercially practical to install and operate a 
condensing plant with the most efficient cycle so far suggested, utilizing 
steam at 1200 lb. initial pressure, temperature 800 deg. fahr. and 1 in. 
abs. vacuum, the maximum possible overall efficiency would probably 
not exceed 30 per cent. The average small non-condensing plant in 
which all the exhaust steam is utilized for heating or process work is 
capable of furnishing electric energy at an overall heat efficiency of approx- 
imately 30 per cent, and a large non-condensing plant equipped with 
economical boilers and prime movers could readily realize 60 to 70 per 
cent efficiency under the same conditions. This naturally suggests the 
utilization of the exhaust of large central power stations for heating and 
process work, by distributing the exhaust steam directly or by circulating 
the condensing water through a closed system. To be of commercial 
value, the exhaust steam or circulating water must have a temperature 
much higher than that carried in the conventional condensing plant. 
This necessitates increased first cost of prime movers and heavy initial 
investment in distributing systems which, under the usual steam condi- 
tions, frequently more than offset the thermal gain. Besides, the power 
and heat loads do not coincide. There are a number of public utility 
plants operating as combined power and heating plants, in which exhaust 
steam is distributed at 10 to 15 lb. gage pressure, but few are giving satis- 
factory financial returns because of the transmission heat losses and also 
because of the heavy fixed charges due to the large-diameter mains re- 
quired to convey low-pressure steam. With high initial pressures of, say, 
1000 to 1200 lb. gage and temperatures of 750-800 deg. fahr. expanding 
down to 200 lb. in a non-condensing turbine or engine, it is possible to 
obtain a kw-hr. on a heat consumption of less than that realized in the 
conventional 150 lb. initial pressure, non-condensing plant exhausting at 
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5 to 10 lb. back pressure. The specific volume of the exhaust at 200 Ib. 
gage will be less than one-fourth that of saturated steam at 10 lb. gage, 
so that a correspondingly smaller heating main may be furnished for 
the same capacity. This exhaust may be distributed at 200 lb. pres- 
sure and reduced to 5 or 10 lb. at the point of utilization. The non-con- 
densing unit could float on the line and its power output could be regu- 
lated by the demand for heating steam. It could be made to operate 
during the heating season on an overall efficiency of 60 or 70 per cent, or 
more. Where conditions permit, the balance of the power could be pro- 
duced by the usual condensing equipment. Whether or not such an 
arrangement will prove commercially successful remains to be seen, but 
it offers a wide field for conservation of heat. It is possible to design a 
steam power plant in which practically all of the calorific value of the fuel 
can be utilized for power and heating purposes, but the commercial success 
of such a design depends not only upon the cost of conserving the heat but 
also upon the existence of a market for its utilization. 

Highest Efficiency from Industrial Steam Plants: Power, Mar. 25, 1924, p. 483. 

The Margins of Possible Improvement in the Central-Station Steam Plant: Mech. 
Engrg., Dec., 1923, p. 685. 

The Benson Super-pressure Plant: Power, May 22, 1923, p. 796; May 29, 1923, p. 842. 

High Pressures and High Temperatures in Central Stations: Power, July 16, 1924, p. 87. 


PROBLEMS 

1 . The rated capacity of a turbine station is 2000 kw., annual gross output 6,380,000 
kw-hr., maximum load during the year 1800 kw. Required the station load factor and 
the station output factor. 

2 . If the plant in Problem 1 costs $200 per kw. of rated capacity and the annual 
fixed charges amount to 14 per cent, required the fixed charges per kw-hr. 

3. A plant cost originally $200,000. It is proposed to establish a sinking fund on a 
3 per cent basis. If the weighted life of the plant is assumed to be 20 years and the 
junk value of the apparatus at the expiration of this period is estimated at 15 per cent 
of the original cost, how much money must be placed in the reserve fund each year? 

4. What will be the accumulated fund in Problem 4 at the end of 16 years? 

5 . A coal-handling equipment, purchase price $25,000, is 5 years old, and the 
yearly operating cost, including all charges except for functional depreciation, is as 
follows: 1st year $2500, 2nd year $2600, 3rd year $3000, 4th year $3400, 5th year 
$4000. If the interest rate is 6 per cent, required the equated annual operating cost. 

6. Suppose a new system is on the market, suitable for the service performed by 
the one discussed in Problem 5, but more economical in operation. The new system 
costs $35,000 and its estimated functional life and salvage are 10 years and $1500, 
respectively. Assuming that the salvage of the old equipment is $1200, and that the 
estimated equated annual operating cost of the new system is $2500, will it pay to 
junk the old one? Assume interest rate on the sinking-fund deposits to be 6 per cent. * 

7. A steam-electric power plant has been in operation for 8 years, original cost 
$450,000, equated annual operating cost for this period $65,000. The depreciation 
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itnnuity for this equipment is based on an assumed functional life of 20 years with 
interest at 5 per cent. A new and more economical plant, of the same capacity as the 
old one, can be purchased completely installed for $600,000. The estimated equated 
annual operating expense of the new plant is $35,000. If the old plant can be sold for 
$50,000 net, what is its depreciated value? Asbume a functional life of 25 years for the 
new unit and a salvage value of $15,000. 

8 . What is the depreciated value of the plant in Problem 7 on the straight-line 
basis? On the sinking-fund basis? 

9. The average fuel consumption of a 30,000-kw. iurbo-generator plant is 1.8 lb. 
coal (11,000 B.t.ii. per lb.) per kw-hr. for a yearly station output-load factor of 0.42. 
The cost of coal is $4 per ton of 2000 lb. and the fuel cost is 50 per cent of the total 
station operating costs. What is the total cost of operation, dollars per year? 

10 . A 20,000-kw. turbo-generator uses 14 lo. steam per kw-hr., initial pressure 215 
lb. absolute, superheat 150 deg. fahr., vacuum 27.5 in. referred to a 30-in. barometer, 
feedwater 180 deg. fahr. If the average overall boiler and furnace efficiency is 70 
per cent and the calorific value of the coal is 12,500 B.t.u. per lb., required the average 
B.t.u. supplied by the fuel per kw-hr. generated. Determine also the average weight 
of coal used per kw-hr. 

11 . During the winter months, all of the exhaust steam from a 500-hp. non-con- 
densing engine-generator set is used for heating purposes. Engine uses an average of 
50 lb. steam per kw-hr., initial pressure 125 lb. absolute, back j)ressure 17 lb. absolute, 
initial quahty 98 per cent, feedwater 210 deg. fahr. If tht average overall boiler and 
furnace efficiency is G5 per cent and the coal costs $5 per ton of 2000 lb. (calorific value 
12,000 B.t.u. per lb.), what is the actual cost of fuel for power only, cents per kw-hr.? 
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TYPICAL SPECIFICATIONS 

373. Specifications’ for a Horizontal Tabular Steam Boiler.' — The fol- 
lowing specifications for one 72-in. horizontal-return tubular steam boiler, 
pressure 150 lb., were prepared by the Hartford Steam Boiler Inspection 
and Insurance Company for the Armour Institute of Technology, Chicago: 

This specification is intended to cover the construction of one hori- 
zontal tubular boiler designed to operate at a maximmn pressure of 150 
lb. per sq. in. Each bidder must submit a proposal for doing the work 
exactly as specified, but alternate proposals involving slight modifications 
will also receive consideration provided such modifications are fully 
described. 

The Boiler Contractor shall furnish the various accessories mentioned 
herein and he shall also provide all the necessary miscellaneous iron or 
steel work as hereinafter enumerated. The Contractor \mder this speci- 
fication will not be required to construct foundations, brickwork or other 
masonry. 

Drawings. — Drawings prepared by The Hartford Steam Boiler In- 
spection and Insurance Company accompany this specification and are 
made a part hereof; the drawings and specification are intended to sup- 
plement each other and to be mutually co-operative, and, unless otherwise 
noted, the Boiler Contractor shall follow all details and shall furnish all 
parts and fittings which njay fie required by the drawings and omitted by 
the specification, or vice versa, just as though required by both. The 
said drawings are identified respectively by Nos. 6260 and 4890. 

General Data. — The boiler with its fittings shall be constructed and 
furnished in accordance with the following general data and dimensions: — 


Diameter measured on inside of largest course 72 in. 

Number of courses Three. 


Thickness of material : Heads, ^ in. Butt-straps, iV in. Shell-plates, 

Min. 

Girth seams: Single-riveted lap-joints with rivets spaced 2| in. on centers. 

Longitudinal seams Quadruple-riveted butt-joints. 

Diameter of rivets for dll seams | in. (if-in. holes). 

' Paragraphs pertaining to properties of steel plates, rivets, and tubes have been 
greatly abridged because of space limitation. 
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Tubes: Number, 70. Diameter, 4 in. Length, 18 ft. Thickness, 
0.134 in. 

Braces above tubes : Number on each head, 20. Least diameter, IJ in. 
Diameter of rivet holes for attaching, | in. Least cross-sectional 
area through sides at each rivet hole on head end, 0.55 sq, in.; ditto 
on shell end 1,10 sq. in. 

Through-braces below tubes : Number, 2. Least diameter, 2 in. Least 
diameter of upset on front end, 2| in. Diameter of pin, If in. Least 
cross-sectional area through center of eye, 3.83 sq. in. 

Size of blow-off pipe 2^ in. 

Diameter of nozzles : Steam opening 6 in. 

Safety valve connection 6 in. 

Size of feed-pipe Ij in. 

Manholes : One in front head below tubes and one in top of shell. 

' Size of grates 72 in. long by 66 in. wide. 

Height from grates to bottom of shell, at front end 40 in. 

Smoke-Box : Bolted to front head by clip angles. Smoke opening 
60 in. by 14 in. 

Style of Front Flush. 

Fittings to be furnished with the boiler as follows: — One 10-in. steam 
gage graduated from 0 to 225 lb., brass siphon and union-cock for 
gage, two 2“J-in. safety valves with minimum lift of 0.08 in., flanged 
Y-base for safety valves, three f-in. gage cocks, one combination 
water-column, one f-in. gage glass 14 in. long. 

Method of Support — The boiler shall be suspended by means of U- 
bolts and steel hangers, from a framework made up of four I-beams and 
four columns. I-beams shall be 8 in. deep and shall weigh 18 lb. per ft.; 
they shall be assembled in pairs by means of tie-bolts and separators, 
spaced near each end and at intervals of not more than 4 ft., in such 
manner that the adjacent edges will be 3 in. apart. If cast-iron columns 
are used they shall be round with an outside diameter of 8 in. and a thick- 
ness of I in., or square with a width of 8 in. and a thickness of f in. Six- 
inch rolled-steel H-beams, weighing 23.8 lb. per ft. may be used for columns 
but no other form of structural steel column will be approved unless it can 
be shown that the safe load (figured in the usual manner with regard to 
length and radius of gyration) will be equal to that which can be allowed 
on the H-beams specified above. Steel colunms shall have suitable base- 
plates and cap-plates riveted on and cast-iron columns shall be made with 
top and bottom flanges of proper design. Details of hangers, U-bolts, 
etc., are shown on the accompanying drawing. 

Properties of Steel Plates. — (Chemical requirements have been omitted.) 
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Complete tests must be made to show that each plate will fulfill the above 
requirements in regard to tensile strength, elastic limit, chemical com- 
position, elongation, bending, and homogeneity; and any plates failing 
to meet the said requirements shall be rejected. One tension, one cold- 
bend, and one quench-bend test shall be made from each plate as rolled. 
All details in regard to size and shape of specimens, method of making 
tests, etc., shall be in strict accordance with the “ Requirements for Tes1> 
ing Steel, as adopted by The Hartford Steam Boiler Inspection and In- 
surance Company. 

All tests and inspections of material may be made at the place of manu- 
facture prior to shipment. Certified copies of reports of all tests must be 
approved by a representative of The Hartford Steam Boiler Inspection 
and Insurance Company before any of the material covered thereby is 
used for any portion of the work contemplated by this specification. 

Stamping, — (Omitted.) 

Rivets. — (Omitted.) 

Details of Riveting, — Longitudinal seams shall be of the butt-joint 
type with double covering straps, and the details shall be as specified 
herein and as shown on the accompanying drawing, except that the pitch 
of rivets in the outer row may be increased or decreased (with correspond- 
ing changes in the pitch of rivets in the other rows) in cases where such 
changes are desirable in order to secure a proper spacing of rivets between 
girth seams. It must be understood, however, that no such change can 
be made without the consent and approval of the inspector having juris- 
diction and no such change shall be allowed if it will result in a factor of 
safety lower than 5.00 or if it will produce a pitch too great for proper 
calking. Except for rivet holes in the ends of butt-straps, the distance 
from the center of the rivet to the edge of the plate must never be less than 
one and one-half (1|) times the diameter of the rivet hole. The seams 
must be arranged to come well above the fire-line and to break joints in 
the separate courses. 

Rivet holes shall either be drilled full size with plates, butt-straps and 
heads bolted up in position or else they shall be punched at least one- 
quarter inch (J") less than full size. If the latter method is used, plates, 
straps, and heads shall be assembled and bolted together after punching 
and the rivet holes shall be drilled or reamed in place one-sixteenth inch 
larger than the diameter of the rivets. After reaming or drilling, 
plates and butt-straps shall be disconnected and the burrs removed from 
the edges of all rivet holes. If any holes are out of true more than one- 
sixty-fourth inch (^")> they must be brought into line with a reamer or 
drill; evidence that a drift-pin has been used for this purpose will be 
sufficient cause for the rejection of the entire work. The plates must be 
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rolled to a true circle before drilling and the butt-straps and ends of plates 
forming the longitudinal joints must be fonned to the proper curvature 
by pressure, — not by blows. Particular care must be used to secure 
proper fitting where the courses telescope together at girth seams. This is a 
matter of the utmost importance and the results obtained will be considered 
as a criterion of the general character of the workmanship throughout. 

Rivets must be of sufficient length to completely fill the rivet holes 
and form heads equal in strength to the bodies of the rivets. Rivets 
shall be machine-driven wherever possible, and always with sufficient 
pressure to entirely fill the rivet holes: the authorized inspector of The 
Hartford Steam Boiler Inspection and Insurance Company shall have the 
privilege of cutting out rivets to see if satisfactory results have been 
obtained and all such work of cutting rivets and replacing them shall be 
done at the expense of the Contractor. Rivets shall be allowed to cool 
and shrink under pressure. 

Calking and Flanging. — All calking edges shall be beveled to an angle 
of about fifteen degrees (15°) and every portion of such edges shall be 
planed or milled to a depth of not less than one-ei. hth inch (J"). Bevel- 
shearing will not be acceptable in place of planing or milling but chip- 
ping will be allowed in special cases provided the workmanship will meet 
with the inspector’s approval. All seams must be carefully calked with 
a round-nosed tool. 

Flanging must be performed in such manner that the flange will stand 
accurately at right angles to the face of the sheet and the straight portion 
of the flange must be long enough to allow for making a perfect joint with 
the shell plate. The radius of the bend, on the outside, shall be at least 
equal to four times the thickness of the head. 

Tubes. — (Chemical requirements and method of testing have been 
omitted.) Each tube must be legibly stenciled with the name or brand 
of the manufacturer, the material from which it is made (steel or char- 
coal iron), and the words Tested at 1000 lb.” 

All tests and inspections shall be made at the place of manufacture 
and the Boiler Contractor shall require the tube manufacturer to certify 
that the tubes have been tested and have met the requirements stated 
above. Tubes shall be rejected when inserted in the boiler if they fail to 
stand expanding and beading without showing cracks or flaws, or opening 
at the weld. 

Tube holes may either be drilled full size or punched so as to have 
a diameter at least one-half inch (§") less than full size and then drilled, 
reamed, or finished full size with a rotating cutter. The full size diameter 
of the hole shall be ^ inch greater than the outside tube diameter. Edges 
of tube holes shall be properly chamfered. 
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Tubes shall be set with a Dudgeon expander and all ends shall be sub- 
stantially beaded. 

Staying, — The number, size, arrangement, and general details of stays 
or braces are specified on page — and shown on the drawing. No changes 
shall be made in the number and location of braces without the approval 
of The Hartford Steam Boiler Inspection and Insurance Company. All 
braces shall be made of solid, weldless mild steel. 

Braces above the tubes shall be of the diagonal crowfoot form and 
none of them shall be less than three feet, six, inches (3' 6") long. Each 
brace shall l)e attached by means of four rivets, two at each end; rivets 
of a larger diameter than specified on page — may be used if preferred, 
but the cross-sectional area through the brace at the sides of the rivet 
holes must be maintained as called for. Braces having a rectangular 
cross section may be used provided the cross-sectional area of each brace 
is equal to that of each of the round braces specified, and provided also 
that the requirements regarding size of rivets and net area through rivet 
holes are fulfilled. Braces must be carefully set to bear uniform tension. 

Through braces shall be used below the tubes, extending 'from head 
to head. Each brace shall be upset on the rear end to form an eye and 
the eye shall be inserted between the outstanding legs of a pair of angle- 
irons and held in place by a turned bolt passing through holes drilled in 
both angles and in the eye. The angles shall be securely riveted to the 
rear head in the manner shown on the drawing, being held at a distance 
of three inches from the head by means of spacers made of extra heavy 
pipe. Spacers must be accurately squared on both ends so that they will 
all be of the same length and will furnish a rigid and uniform bearing 
for the angles. Through braces shall be upset and threaded on the front 
ends and shall pass through the front head, being secured with nuts and 
washers both inside and outside. The center line of the braces at the front 
head must not be lower than the center line of the manhole. 

Manholes. — Manholes shall be oval or elliptical in shape, not smaller 
than 15 in. long by 11 in. wide, and shall conform to the following re- 
quirements: — 

The manhole in the top of the shell shall be placed with its long di- 
mension crossways of the boiler. The frame shall be made of pressed 
steel formed to the proper curvature, and it shall be riveted to the inside 
of the shell with two rows of rivets symmetrically spaced. Based on the 
allowance Of 44,000 lb. per sq. in. the size and number of the rivets must 
be such that their total shearing strength will not be less than twice the 
tensile strength of the plate removed, as figured from the cross-sectional 
area in a plane passing through the center of the manhole and the axis of 
the shell; the net cross-sectional area of the manhole frame, as cut by 
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such a plane, must not be less than the cross-sectional area of the plate 
removed in the same plane. 

The manhole in the front head shall be formed by flanging the head 
inwardly to a depth of not less than tliree times the thickness of the 
head all around the opening and a steel band shall be shrunk on, pinned 
in position, and properly machined for the gasket bearing; the band will 
not be required if a recessed manhole plate is used. 

All necessary manhole plates, yokes, bolts, and gaskets shall be fur- 
nished to make the installation complete, the various parts being pro- 
portioned so as to have a strength equal to that of manhole frames. Man- 
hole plates and yokes shall be made of pressed steel. Gasket bearings 
shall be at least one-half inch (i") wide and the thickness of gaskets shall 
not exceed one-quarter inch (|"). 

Nozzles. — Nozzles shall be made of pressed or cast steel and shall be 
of heavy and substantial design properly adapted to the pressure to be 
carried. They must be accurately shaped to fit the curvature of the shell 
and must be carefully and securely riveted in place in such manner that 
the face of each flange after erection will lie in a horizontal plane parallel 
with the upper surface of the tubes. The flange of each nozzle must be 
properly faced. 

Feed Piping, r- Feed piping must be firmly supported in the boiler in 
such manner that no portion of the piping can be in contact with any 
of the tubes or other parts of the boiler. The feed pipe shall enter the 
boiler through the front head by means of a brass or steel bushing placed 
on the left-hand side of the boiler, three inches (3") above the top of the 
upper row of tubes as shown on the drawing. The feed pipe shall extend 
back from the bushing to approximately three-fifths the length of the 
boiler, crossing over to the center and discharging above the tubes. The 
pipe must not discharge in proximity to any riveted joint. 

All external feed piping will be furnished under separate contract but 
the Boiler Contractor must leave the threads in proper condition so that 
the piping can be readily connected. 

Blow-off Pipe Connection. — A connection for blow-off pipe shall be 
provided on the bottom of the shell near the rear end, as shown on the 
drawing. It shall consist of an extra-heavy pressed steel flange, properly 
tapped for the blow-off pipe and securely riveted to the boiler shell. 

FusihU Pliig. — A fusible plug shall be placed in the rear head, on the 
vertical diameter, and the center of the plug must not be less than two 
inches (2") above the upper surface of the tubes. The plug must project 
through the sheet not less than one inch (1"). 

Fusible plugs shall be filled with pure tin the least diameter of which 
fJmll be one-half inch 
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Safety Valves. — Safety valves shall be of the direct spring-loaded 
pop type with seats and disks of nickel or other non-ferrous material. 
Valves must operate without chattering and must be set and adjusted 
to close after blowing down not more than 6 lb. Springs must not show a 
permanent set exceeding in. ten minutes after being released from a 
cold compression test closing the spring solid; no spring shall be used 
for a pressure in excess of 10 per cent above or below that for which it was 
designed. 

Each safety valve shall have a substantial lifting device with the spindle 
so attached that the valve disk can be lifted from its seat through a distance 
not less than one-tenth of the nominal diameter of the valve, when there 
is no pressure on, the boiler. 

The following items shall be plainly stamped or cast upon the body: 

(а) The name or identifying trade-mark of the manufacturer. 

(б) The nominal diameter with the words Bevel Seat ” or ‘‘ Flat 

Seat.’^ 

(c) The steam pressure at which the valve is set to blow. 

(d) The lift of the valve disk from its seat, measured immediately 

after the sudden lift due to the pop. 

(e) The weight of steam discharged in lb. per hour at the pressure for 

which it is set to blow. 

(/) The letters A. S. M. E. Std. 

Safety valves having a lower lift than that specified on page — may be 
used but the diameter must be increased proportionately as directed by 
The Hartford Steam Boiler Inspection and Insurance Company. 

In the absence of any specific directions from the Purchaser, the Boiler 
Contractor shall state in his proposal the make and style of valve which 
he intends to furnish. It is understood that failure to do this will give 
the Purchaser the right to specify the make of valve after the contract is 
awarded and, in such event, the Contractor agrees to furnish any make 
the Purchaser may select. 

Fittings. — The foregoing in regard to choosing the make and style 
of safety-valves shall apply in the same manner and with equal force to 
the make of gage-cocks, water-column, steam-gage, etc. 

The combination type of water-column shall be used and openings 
for water and steam connections must be tapped for one-and-one-quarter- 
inch (li") pipes. Brass pipe shall be provided for the water connection 
and the piping shall be made up with plugged fittings to facilitate 
cleaning. 

The Boiler Contractor shall properly drill and tap all holes required 
for the installaton of the various fittings, including also a one-quarter« 
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inch (i") pipe with valve for the connection of test gage. The sizes of 
steam-gage, gage-cocks, and gage-glass are specified on page — . 

All nozzles, flanges, fittings, etc., furnished under this specification must 
correspond in diameter, drilling, and other details with the “ American 
Standard ” for the stipulated pressure. 

Front. — The front shall be constructed of sectional plate steel or of 
cast iron and the Contractor must state in his proposal which form he 
intends to furnish. If made of steel, the plates must not be less than 
three-eighths inch (^") thick (except for moldings, etc.) and they must 
be straight and smooth with all edges machined and properly fitted to 
make good joints. Heavy cast-iron door-frames with planed surfaces 
shall be securely bolted to the plates and the front shall be further rein- 
forced against warping by means of channel irons or other suitable braces 
placed on the back. 

' If made of cast iron, the front must be of heavy and substantial design 
and all castings must be smooth, true, and free from cracks, blow-holes, 
or other defects. 

The usual fire doors, ashpit doors, and doors for giving access to the 
tubes shall be provided as shown on the ac(;ompanying drawings. All 
doors must be of heavy design and all contact surfaces must be carefully 
machined so that the doors will fit closely. Each flue door must be pro- 
vided with a suitable fastening at top and bottom, designed to clamp 
the door tightly in the closed position and prevent warping. All doors 
shall be furnished complete with handles, catches, hinge-bolts, etc., and 
fire doors shall have liner plates. 

The Boiler Contractor shall furnish all necessary anchor bolts for 
holding the front in position and shall sec that the holes for the same 
are properly located in the steel plates or castings. Anchor bolts shall 
have a diameter of at least seven-eighths inch (|") and shall be threaded 
and provided with nuts. 

All parts must be carefully made so that the front will present a neat 
appearance after erection. Open joints, loosely-fitting hinges or other 
indications of careless workmanship will be sufficient cause for rejection 
and the Purchaser shall have the option of making any necessary modifi- 
cations and deducting the cost thereof from the contract price or of requir- 
ing the Contractor to furnish new parts which will be satisfactory. 

Grates. — The Boiler Contractor shall figure on furnishing stationary 
grates of suitable design and shall base his proposal thereon. If requested 
by the Purchaser, he shall submit an alternate proposal for furnishing 
shaking, rocking, or dumping grates of a type which the Purchaser will 
specify. 

Miscellaneous Iron Work. — Arch bars for rear connection shall be 
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made as shown on the accompanying drawings or in accordance with 
some detail which will meet with the approval of The Hartford Steam 
Boiler Inspection and Insurance Company. The Company will not 
approve any arch bar the metal of which is exposed to the action of the 
flames and hot gases. 

The rear connection door must flt closely and the frame must be pro- 
vided with means for anchoring into the brickwork. The door must not 
be smaller than sixteen inches by twenty-four inches (16" X 24"). 

The Boiler Contractor shall furnish all necessary bearer-bars for grates, 
all buckstays, tie-rods, lintels for clean-out doors, bolts, etc., and any 
other iron work, not specifically mentioned herein, which may be needed 
to complete the installation in the brick setting. Buckstays must be 
made of pressed steel or its equivalent; cast iron will not be accepted. 

Tests. — The Boiler Contractor shall at all times afford all facilities 
to The Hartford Steam Boiler Inspection and Insurance Company, and 
its authorized representatives, for the test and inspection of all materials 
and workmanship entering into the work covered by this specification. 

Hydrostatic tests shall be made in the presence of the authorized in- 
spector of The Hartford Steam Boiler Inspection and Insurance Company 
and in a manner which will meet with the approval of the said inspector. 
The pressure for such tests shall not exceed one and one-half (1|) times 
the maximum working pressure as hereinbefore stated. 

Local or State Laws. — All details of construction and installation 
shall be made in strict accordance with any local or State ordinances 
which may apply and nothing in this specification shall be interpreted 
as an infringement of such rules or ordinances. If any discrepancy 
should arise, the Contractor shall immediately report it to The Hartford 
Steam Boiler Inspection and Insurance Company for settlement. 

374. Specifications for Steam, Exhaust, Water, and Condenser Piping 
for an Electric Power Station.^ — The work referred to in this contract 

shall be conducted under the general supervision of 

(referred to as the Engineers), who shall interpret the fSpecifications and 
the Drawings that may accompany the Specifications, and shall arbitrate 
any controversies between the parties hereto, that may arise under this 
contract, their decision to be final and binding upon both of the con- 
tracting parties. 

The Contractor shall comply with all laws, statutes, ordinances, acts, 
and regulations of the town or city, the state and the government in which 
the work is to be performed, and shall pay all fees for permits and in- 
spections required thereby. 

The Contractor shall, at an early date, conununicate with other con- 
^ From the files of a promineiit Chicago engineering firm. 
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tractors employed by the Purchaser, and shall work in harmony with them, 
any differences of opinion between contractors being arbitrated by the 
Engineers or their representative. 

The Contractor shall begin work as soon as possible, and complete 
same, free of all liens and charges, on or before the time mentioned herein. 
If, in the opinion of the Engineers, the Contractor fails to prosecute the 
work with the necessary means and diligence to insure its completion 
within the time limit, then the Engineers shall notify the Contractor by 
written notice to that effect, and the Purchaser may order the Contractor 
to employ more men, machinery, and tools to be put upon the work, 
specifying the additional force required, and if the Contractor fails to 
comply with such written demand within six (6) days from the date thereof, 
or within such' time as the Engineers in writing prescribe, then the Pur- 
chaser may employ necessary means to complete the work within the time 
'required, and such additional cost caused by either the employment of 
additional men, machinery, or otherwise, shall be deducted from any 
funds due, or that may become due the Contractor on account of this 
contract. The Contractor shall remove any particular workman or 
workmen from the work, if in the judgment of the Engineers it will be 
for the best interest of the work. 

The Engineers shall have the right to make any changes in the Draw- 
ings or Specifications that they deem desirable. Should any additional 
labor or material be involved in such changes, the Contractor shall be paid 
for supplying same; on the other hand, should such changes reduce the 
amount of labor or material from that originally specified, the Contractor 
shall sustain an equivalent reduction in the contract amount and the 
Engineers shall be the arbiters in determining rates of increase or reduc- 
tion. No claim shall be allowed for extra labor or material above the 
contract amount, unless same shall have been ordered in writing, with 
remuneration stipulated, by the Engineers. Acceptance by the Con- 
tractor of final payment on the contract price shall constitute a waiver 
of all claims against the Purchaser. 

All material and workmanship furnished under this contract must 
be of the best quality in every particular and the Contractor must remedy 
any defects which develop during the first year of actual service, due to 
faulty material or workmanship, free of expense to the Purchaser. The 
Purchaser, the Engineers, or their representative may inspect any ma- 
chinery, material or work to be furnished under this contract and may 
reject any which is defective or unsuitable for the uses and purposes in- 
tended, or not in accordance with the intent of this contract, and may 
order the Contractor to remedy or replace same; or the Purchaser may, 
if necessary, remedy or replace same at the expense of the Contractor* 



924 


STEAM POWER PLANT ENGINEERING 


Until accepted in its entirety by the Purchaser, all work shall be done 
at the Contractor's risk, and if any loss or damage should occur to the 
work from fire or any other cause, the Contractor shall promptly repair 
or replace such loss or damage free of all expense to the Purchaser. The 
Contractor shall be responsible for any loss or damage to material, tools 
or other articles used or held for use in or about the work. 

The work shall be carried on to completion without damage to any 
work or property of the Purchaser or of others, and without interfering 
with the operation of their machinery or apparatus. 

The Contractor shall furnish all false work, tools and appliances that 
may be required to accomplish the work and shall remove all debris after 
erection. 

The Contractor must be responsible for the safety of the work until 
finished and accepted by the Purchaser and must maintain all lights, 
guards, and temporary passages necessary for that purpose. In case 
of any accident causing injury to person or property, the Contractor 
shall obtain acquittance from or pay the injured person (whether such 
person be an employee, a fellow-contractor, an employee of a fellow- 
contractor, or otherwise) the amount of damages to which he or she 
may be legally entitled on account of any act or omission of the Con- 
tractor or of any agent or employee of the Contractor, during the per- 
formance of the work referred to herein, and shall provide adequate 
msurance to protect the Purchaser from all claims arising therefrom. 
The Contractor shall, further, insure the compensation provided for in 
any workman’s compensation act which may affect the work, to all its 
employees or their beneficiaries, and the Contractor shall carry insurance 
in a company satisfactory to the Purchaser, insuring said compensation 
to its employees or their beneficiaries. The Contractor shall notify his 
insurance company and cause the name of the Purchaser to be incorporated 
in the compensation policy, the policy or a copy thereof to be deposited 
with the Purchaser upon request. The Contractor must save the Pur- 
chaser from all claims for damages set up by reason of any such injury 
and from all expenses resulting therefrom. 

No certificates given or payments made shall be considered as con- 
clusive evidence of the performance of this contract, either wholly or 
in part, nor shall any certificate of payment be construed as acceptance 
of defective work or improper materials. The Contractor agrees to fur- 
nish the Purchaser or the Engineers, if requested, at any time during the 
progress of the work, a statement showing the Contractor’s total out- 
standing indebtedness for material and labor in connection with the work 
covered by this contract, such statement to be certified to by a notary 
public. Before final payment is made the Contractor shall satisfy the 
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Purchaser by affidavits or otherwise, tha,t there are no outstanding liens 
for labor or materials against the Purchaser’s premises by reason of any 
work done or materials furnished under this contract. 

If, during the progress of the work, the Contractor should allow any 
indebtedness to accrue for labor or material to sub-contractors or others, 
and should fail to pay and discharge same within five (5) days after de- 
mand made by any person furnishing such labor or material, then the 
Purchaser may withhold any money due the Contractor until such in- 
debtedness is paid, or apply same toward the discharge thereof. 

All royalties for patents, or charges for the use or infringement thereof, 
that may be involved in the construction or use of any machinery or ap- 
pliance referred to herein, shall be included in the contract price, and the 
Contractor must satisfy all demands of this nature that may be made 
against the Purchaser at any time. 

' This contract shall not be assigned nor shall any part of the work 
be sub-let by the Contractor without the written consent of the Engi- 
neers being first obtained, but such approval shall not relieve the Con- 
tractor from full responsibility for the work inch’ded in this contract 
and for the due performance of all the terms and conditions of this con- 
tract; and in no case shall such approval be granted until such Con- 
tractor has furnished the Purchaser with satisfactory evidence that the 
Sub-contractor is carrying ample workmen’s compensation insurance to 
the same extent and in the same manner as is herein provided to be fur- 
nished by the Contractor. 


General Data 

The work herein referred to comprises the furnishing of all material 
and labor for the complete installation of Piping Systems for two (2) 
kw. units to be installed in the Power Station being erected by 

Each of the two (2) units is comprised of the following machinery: 

(List of machinery omitted.) 

All of the above machinery will be installed on the foundations by 
their respective contractors, and this Contractor shall make all piping 
connection to same unless otherwise mentioned. 

Drawings. (These have been omitted.) 

This contractor shall take such measurements at the building and allow 
for such make-up pieces as shall be necessary to make his work come 
true, as the Purchaser and its Engineers cannot be responsible for the 
exact accuracy of the dimensions given on Drawings. 

The Drawings and Specifications must be taken together and any 
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work called for in the one or indicated in the other, or such work as can be 
reasonably taken as belonging to the Piping Connections and necessary 
to complete the system, is to be included. 

Live Steam Piping 

Connections from Boilers, — Each of the eight (8) boilers will be pro- 
vided with two (2) 8-in. steam outlets to which this Contractor shall 
connect an 8-in. angle automatic stop and check valve with 7-in. outlet. 
From these valves Contractor shall provide 7-in. boiler leads connecting 
to the steam mains with gate valve at the mains, all arranged as indicated 
on Drawings, Nos. — and — . 

Connections to Turbines. — Contractor shall provide a cast-steel mani- 
fold at rear of each of the two boilers on each unit on both sides of boiler 
room and connect to these manifolds the two 7-in. leads from the four 
boilers on each unit. From manifold at rear of boilers on north side of 
boiler room on each unit a 14-in. connection shall be run across the base- 
ment of firing room and connected together with 14-in. lead from manifold 
at rear of boilers on south side of boiler room of each unit into a 17-in. 
pipe, which shall be connected to the turbines. A 14-in. hydraulically 
operated valve shall be provided on each 14-in. line where they connect 
together into the 17-in. turbine lead; a gate valve shall be provided on 
turbine lead. 

Connections shall be provided complete with cast-steel manifolds, 
valves, drip pockets, pipe lengths and bends, all of sizes and arranged 
as indicated on Drawings, Nos. — and — . 

Steam Loops. — Contractor shall provide the 12-in. steam loops be- 
tween the steam leads to turbines coihplete with pipe bends and a hydraulic- 
ally operated gate valve on each end of loop. Hydraulically operated 
gate valves shall also be provided for connecting the future loop, all as 
indicated on Drawings, Nos. — and — . 

Steam to Auxiliaries. — This Contractor shall install a 4-in. auxiliary 
steam header along division wall between turbine and boiler rooms, with 
connections to manifolds at rear of boilers on south side of boiler room 
with gate valve at each manifold, all arranged as indicated on Drawings, 
Nos. — and — . From the auxiliary header connections shall be made 
to one service pump in condenser well, three feed pumps in boiler room, 
exciter in turbine room, two auxiliary oil pumps on turbines and two tem- 
pering coils on air washers, as shown on Drawings. The steam connection 
to each of the pumps must be provided with angle or globe throttle valve 
at pump. A gate valve must be provided on each connection near header, 
as indicated on Drawings. Each of the three (3) turbine-driven feed 
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pumps will be provided with a 3-in. pressure governor by Pump Contractor, 
which this Contractor shall install in the steam line. The steam-driven 
service pump shall be provided with a 2-in. pressure governor by Pump 
Contractor, which this Contractor shall install, providing a by-pass with 
three valves around same, one of which is to be the throttle valve, the 
other two gate valves. This Contractor shall also provide a 3-in. steam 
connection to the exciter, a globe valve at the turbine, and a gate valve 
at header. 

On the steam connections to the oil pumps and air washers this Con- 
tractor must provide a 1-in. extra heavy pressure-reducing valve with 
by-pass around same for each unit. These shall reduce from 250 lb. to 
100 lb., and a second reducing valve shall be provided on connections to 
air washers reducing from 100 lb. to 10 lb. 

Steam from Turbines to Heaters. — The Contractor shall furnish and 
install the 5-in. steam connections from outlet on intermediate stage of 
each turbine to the auxiliary exhaust line connecting to feedwater heaters 
with automatic stop and check valve, regulating valve operated by ther- 
mostat in feedwater heater, set so as to heat v^ater to about 120 deg. 
fahr., pressure-reducing valve and gate valve at header, as shown on 
Drawings. The exhaust from steam-driven auxiliaries will go to the 
heaters, and it is the intention to take necessary additional steam from 
second stage of turbine to heat the feedwater to required temperature. 

Steam Connections to Soot Ejectors. — Contractor shall provide a l|-in. 
steam header lengthwise on each side of boiler room, with connections to 
cast-steel manifolds in main steam connections with gate valve at north 
side of boiler room and to auxiliary steam header with valve on south side 
of boiler room. From these H-in. headers a 1-in. connection with globe 
valve having extended stem shall be run to the ejectors in basement, for 
each of the two divisions of each of the eight economizers, all arranged as 
indicated on Drawings, Nos. — , — and — . 

Steam Ejectors on Conde7iser Discharge Pipes. — Contractor shall pro- 
vide a 4-in. ejector on top of each of the two (2) 54-in. condenser discharge 
pipes. These shall be of Schutte & Koerting or other make that Engineers 
may approve. To each of these ejectors Contractor shall provide a 1-in. 
steam connection with valves on both ends of line; also run a 4-in. dis- 
charge connection to 6-in. bilge pump discharge line with gate and check 
valve on each line. 

Supports for Live Steam Piping. — The main supporting beams upon 
which the manifolds and fittings are supported will be provided by con- 
tractor for building steel, but this Contractor shall furnish the steel brackets 
framing to the main members above mentioned; also all roller and anchor 
bearings, complete with base castings, rollers, straps, springs, etc., all^as 



928 


STEAM POWER PLANT ENGINEERING 


indicated and detailed on Drawings. He shall provide the steel frames 
for supporting the 14-in. steam load across the boiler room basement. 
He shall also provide the bearings for supporting the pipes on those sup- 
ports. This Contractor shall also provide the main anchor bearings for 
the 17-in. steam loads to turbines; also the roller bearings and brackets 
for the 17-in. steam load to Unit No. 2. 

The steel brackets for supporting the auxiliary steam header shall be 
provided by Contractor for Building Steel, but this Contractor shall pro- 
vide the roller and anchor bearings on these brackets, all as indicated on 
the Drawings. 

Contractor shall also provide such additional hangers, braces and 
supports for the steam piping as may be necessary to properly support 
the steam piping, and keep same free from vibration. These must in 
all cases be of steel or iron, and made subject to the approval of the 
Engineers. 

Steam Drips and Drains. — The main steam headers shall be drained 
to the 10-in. drip pockets in boiler room basement. This Contractor 
shall provide and install a l|-in. steam trap for each unit for draining 
the drip pocket and must corinect up same with a H-in. pipe. The dis- 
charge from the trap shall be connected to the feedwater heater. Con- 
nections at trap shall be arranged with by-pass with three valves, so 
trap can be cut out of service. 

Each of the 7-in. gate valves on steam leads from boilers shall have 
a boss tapped for |-in. drain above seat, which this Contractor shall 
connect into a IJ-in. line for each unit and connect same with stop and 
check valve to the feedwater heater, also to the clear water reservoir; 
l|-in. lines to be cross-connected with valves. Contractor shall provide 
a boss tapped for |-in. drain on the 12-in. hydraulically operated gate 
valves on steam loop, also on the two 14-in. valves on lead from manifolds 
at rear of boilers for each unit, and connect same with a 1 J-in. pipe to their 
respective steam traps, providing by-pass with valves as indicated dia- 
grammatically on drawings. The 12-in. gate valve for future steam loop 
shall also have boss tapped for f-in. drain and connected to the IJ-in. 
drain line. A globe valve shall be provided on each drain connection. 
Contractor shall also tap the blind flange on tee in steam connection to 
condenser well and provide a |-in. drain connection with trap and discharge 
connection to the feedwater heater. A by-pass connection with three 
valves shall be provided at trap. A §-in. drain shall also be provided 
from lowest point of steam connection in condenser well to drain 
sump. 

Contractor shall run a f-in. drain with valve from the steam casing of 
the three auxiliary tiurbines driving the boUer-feed pumps and the turbine 
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driving the exciter and connect them into a 1-in. line and run to the hot- 
water reservoir. Drain from casing of service pump turbine to be run to 
drain sump in condenser well with a valve at turbine. 

Contractor shall also provide such other drip and drain connections 
as may be necessary to properly drain the entire system of steam con- 
nections, these to be connected as may be directed by the Engineers. 

Blow-off Connections 

Boiler Blow^ff Connections. — Each of the eight boilers will be pro- 
vided with six (6) 2§-in. blow-off fittings on mud drums, which this Con- 
tractor shall connect up to a special fitting on each side of each boiler 
and from which 2|-in. connections shall be made to the blow-off header 
under each row of boilers. Eight (8) 2|-in. blow-off valves shall be pro- 
vided on the blow-off connection from each of the eight boilers, all arranged 
as indicated on Drawings. 

Contractor shall also provide the 4-in. blow-off header under each row 
of boilers and run 4-in. connections from same to the steel blow-off tank 
in boiler-room basement. This tank shall be furnished and installed by 
the Contractor. The Contractor shall also provide the overflow and 
drain connections to discharge well and vent connections to atmosphere, 
all of sizes and arranged as indicated on the Drawings. 

Superheater Blow-off Connections. — This Contractor shall furnish and 
install the superheater blow-off connections from each of the eight boilers 
to the blow-off header in basement, as indicated on Drawings. Each 
boiler will be provided with two (2) 2-in. elbows and two (2) 2-in. valves, 
one on each end of each drum and two elbows and two valves on super- 
heater, which this Contractor must connect to the headers. Six (6) 2-in. 
valves must be provided for these connections on each boiler, all arranged 
as indicated on Drawings. 

Blow-off from Economizers. — Each of the eight (8) economizers will 
be provided with eight (8) 2j-in. blow-off outlets, provided with angle 
valves. This Contractor shall connect these together to a 4-in. header, 
providing a 2|-in. valve on each of the two divisions on each of the eight 
economizers. Headers shall be run along just below economizer floor, 
and 4-in. connection shall be run to hot-water reservoir and 4-in. to dis- 
charge line from blow-off tank. A globe valve with extended stem shall 
be provided on each of these connections. A check valve shall also be pro- 
vided where connection is made to discharge from blow-off tank. The 
tee on the economizer side of these globe valves shall be tapped for J-in, 
pif)e and the connection run to a pet cock above boiler-room floor, which 
shall drain into a funnel connected to discharge well. 
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Exhaust Connections 

Exhaust Connections from Turbines. — This Contractor shall furnish 
and install the 42-in. free air exhaust connections from each of the two 
(2) turbines, as indicated on Drawing No. — , made up of cast-iron pipe 
and fittings and riveted steel pipe with forged steel riveted fianges, as made 
by the American Spiral Pipe Works. The steel pipe shall be close riveted 
and thoroughly calked so as to be air and water tight. Copper expansion 
joint shall be provided between main turbine exhaust and relief valve on 
each unit. The vertical risers shall be of J-in. plate and shall terminate 
above roof, with hoods over same, as per detail on Drawings. Horizontal 
pipe between relief valve and base elbow shall be of fV-in. steel plate. 
There is to be no longitudinal seam on bottom of this pipe. The exhaust 
relief valves in these lines shall be as hereinafter specified under Material 
and Workmanship.” 

Exhaust Connections from Auxiliaries. — This Contractor shall connect 
up the exhaust outlet on the three (3) turbine-driven feed pumps, auxiliary 
oil pumps, service pump and exciter together, and make connection to 
each of the two feedwater heaters, with gate valve at each pump, each 
heater and sectionalizing valve between heaters, all of sizes and arranged 
as indicated on Drawings. A 10-in. riser to atmosphere with combina- 
tion back pressure and relief valve near heater and exhaust head 

above roof shall be provided on connections to each of the two heaters. 
Exhaust heads shall be of No. 16 galvanized iron and of most improved 
type. Each heater will also be provided with a 4-in. relief outlet, which 
this Contractor shall connect up with a back pressure valve to the 10-in. 
relief pipe to atmosphere on each unit, all arranged as indicated on Draw- 
ings. 

Heating System for Switch House, Operating Room and Offices. — 
Contractor shall furnish and install for heating switch house, operating 
room, and offices, a complete two-pipe heating system, with overhead 
supply system and drain in basement. The switch house heating system 
shall have a total direct radiation of approximately 1912 sq. ft., divided 
into 17 radiators. The operating room, offices, bedrooms, stair hall, etc., 
at end of turbine room shall have a total radiation of approximately 
3188 sq. ft., divided into 55 radiators, all of sizes and arranged as may 
be directed by the Engineers. A layout drawing showing size of radiators 
and sizes of branch connections will be provided later. All radiators to 
be ” two-column radiators, or other 

make that the Engineers may approve. All radiators to have top steam 
connections. * 

Steam for this system shall be taken from the auxiliary exhaust header 
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in boiler room, with a 6-in. connection running up the stair hall to the 
bus chamber under switch house, with gate valve and 3-in. safety valve 
set at 5 lb. pressure in boiler room. A low-pressure header shall be run 
across the bus chamber and up to the overhead header in switch house, 
which shall be run along the south wall and connected to the radiators 
in switch house. An overhead line shall also be run around three sides 
of the office space over switchboard room with drop connections to the 
radiators on the different floors. Drains from the radiators shall all be 
brought together and connected to a direct-connected, geared, motor- 
driven vacuum pump as made by the American Steam Pump Co. and of 
ample capacity for the service and to maintain a vacuum of 5 in. at the 
outlet of radiators. Motor to be similar to those hereafter specified and 
must be complete with starting equipment switches, fuses, etc. All wiring 
between motor and equipment to be provided. 

' Discharge from pump shall be connected to the feedwater heater by 
means of a float-controlled vent, as made by Company. 

A |-in. siphon trap shall be provided on outlet of each radiator, as 

made by , and a standard radiator valve provided on inlet of 

each radiator. All piping to be rigidly suspended in approved manner. 

Safety Valve Vent Pipe. — This Contractor shall furnish and install 
the safety valve vent pipes on each of the eight (8) boilers, as shown 

on Drawings, Nos. . The Discharge openings of the six (6) 4|-in. 

safety valves on drum of each boiler shall be connected together as in- 
dicated, and a 12-in. riser run through roof and terminating in a 12-in. 
tee. He shall also furnish and install the safety valve vent pipes from the 
discharge openings on each of the two (2) 4-in. superheater safety valves 
on each of the eight (8) boilers. The outlets of two valves shall be com- 
bined into a 6-in. pipe and run through roof terminating in a 6-in. tee. 
A |-in. drain pipe shall be provided on elbows at each safety valve, con- 
necting into a f-in. pipe from each boiler, which shall be run to ashpit. 

Exhaust Drips. — This Contractor shall install a 2|-in. drip pipe 
from the 42-in. free exhaust from each turbine, providing a deep U-trap 
and discharging into hot-water reservoir under boiler room basement 
floor. 

The Turbine Contractor will connect up the drains from the carbon 
packing rings into a 3-in. pipe on each of the two (2) turbines. This 
Contractor shall connect each of these pipes to the hot-water reservoir. 
Gate valves on vertical connections from auxiliaries shall be tapped 
above seats for i-in. bleeders, which shall be connected together into 
a 1-in. line and run to hot-water reservoir. Drain from gate valve on 
service pump shall be run to drain sump in condenser well. 

Support for Exhaust Piping. — Relief valves on turbine exhaust lines 
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shall be provided with bases, which will be supported from floor under 
valves, and the vertical risers will be carried on the base elbows, but 
this Contractor shall provide and set angle iron braces for vertical risers, 
as per detail. 

This Contractor shall provide all necessary anchors, hangers, and 
braces for properly supporting the auxiliary exhaust lines, as may be 
required by the Engineers. 


Water Piping 

Circulating Water Connections. — Purchaser shall provide and install the 
suction connection from intake crib to the suction inlet on each of the two 
circulating pumps. 

Condenser Contractor shall provide the discharge connection from circu- 
lating pump to condenser on each unit. 

Purchaser shall furnish and install the condenser discharge piping out- 
side of condenser well, including gate valves, elbows, and vertical pipe 
length in discharge well, but this Contractor shall provide the special 
fitting, pipe lengths, and expansion joints on condenser discharge con- 
nections inside of condenser well. One of the pipe lengths on discharge 
connection from Unit No. 1 in the condenser well will be provided on 
ground by Purchaser, but this Contractor shall install same, providing 
gaskets and bolts for making up joints, all arranged and of sizes as indi- 
cated on Drawing . Contractor shall also provide the 6-in. tail pipes 

from 54-in. gate valves in discharge well. 

Hotwell Pump Connections. — Contractor shall connect up the two 
hotwell pump discharge outlets on each unit to the inlet on primary 
heater in upper section of condenser, providing check and gate valve 
at each pump. From outlet of primary heater, connection shall be 
run to inlet on top of heater of each unit. The primary heater is also 
to be by-passed with necessary valves, all of sizes and arranged as indicated 
on drawings, Nos. . Connections to heaters shall be cross con- 

nected with valves as indicated on Drawings. 

Feed-Pump Suction Connections. — Contractor shall furnish and install 
the suction connections to the two (2) feed pumps on each unit with con- 
nections from heater, filtered water header and unfiltered water system 
with valve on each connection, all of sizes and arranged as indicated on 

Drawings, Nos. . Suction connections from heaters shall be 

cross connected with valve as indicated. 

Boiler-Feed Piping. — This Contractor shall furnish and install dis- 
charge connections from the feed pumps to the feed headers and from 
feed headers to economizers and boilers, all arranged as shown on Draw- 
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ings. There are to be two separate feedwater systems for each unit with 
independent connections from pumps to boilers, as shown. The auxiliary 
feed header is to be run in the boiler room at rear end between boilers 
and in basement across firing room to boiler on north side of room, with 
connections from same to boilers. The main feeder header shall be sus- 
pended from the economizer floor framing over boilers with connections 
to each of the eight (8) economizers and from economizers to the boilers. 
Connections between the economizer divisions will be provided by Econo- 
mizer Contractor. 

Each boiler will have two (2) feed inlet connections and Boiler Con- 
tractor will provide a 4-in. automatic stop and check valve on each of 
these outlets, to which this Contractor shall connect. 

Each economizer will be provided with a 4-in. inlet at bottom and a 
4-in. outlet at top, which this Contractor shall connect up. 

From the 7-in. auxiliary feed headers, this Contractor shall run a 4-in. 
connection up the front of boilers, with a 4-in. connection to the inlet 
at each end of drum, providing a gate valve at header connection and a 
globe and check valve in horizontal run at front of ’ oiler. 

From 7-in. main feed headers. Contractor shall make a 4-in. connection 
to each economizer with two gate valves on each connection. He shall 
also make a 4-in. connection from outlet of each economizer to the feed 
line connecting to each of the boilers, providing a gate and check valve 
at economizer outlet and an angle globe valve with extended stem all 
arranged as indicated on Drawings. 

Contractor shall provide two air chambers on each of the two main 
feed headers, and one air chamber on each of the two auxiliary headers, 
with gate valve on headers and with compressed air connections with 
extra-heavy stop and check valves. 

Contractor shall provide a 6-in. cross connection between the two 
(2) 7-in. main feed lines and auxiliary feed lines, with gate valve on each 
connection, as indicated. Connections at pumps shall be arranged with 
special two-way check valves and gate valve, all of sizes and arranged 
as indicated on Drawings. 

Water Connections to Hydraulically Operated Valves. — This Contractor 
shall provide and connect up a four-way cock for the hydraulically oper- 
ated valve on the steam lead to turbine; the two 14-in. valves on steam 
lead from boilers; the 12-in. valve on steam loop on each unit and the 12-in. 
valve for future steam loop. The 4 four-way cocks on each unit are to 
be located in a box set in the division wall between boiler and turbine 
rooms, all as indicated on Drawings. Boxes shall also be provided by 
this Contractor. Water supply for the four-way cocks is to be taken 
from both the feed headers, with gate and check valves arranged as in- 
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dicated on Drawing. Drain connections with troughs and drain pipes 
connected to hot-water well are to be provided as indicated. 

The following items included in the complete specifications have been 
omitted: 

High-pressure Boiler-Washing System. 

Service Water Piping. 

Make-up Water Connections. 

Water Drains. 

Miscellaneous Drains and Vents. 

Oil Connection to Turbines. 

Pipe and Fittings for Oiling Systems. 

Compressed-air System. 

Air Washer Circulating Pump Suction. 

Floor and Wall Thimbles. 

Hose. 

Thermometers and Gages. 

Matebial and Workmanship 

General Instructions. — All material and workmanship supplied under 
these Specifications shall be the best of their respective kinds. 

All material shall be such as specified herein and free from defects 
or flaws of any kind, and subject to such tests and requirements as may 
be herein described or as may be necessary to prove the effectiveness of 
the material or workmanship. All labor is to be performed by men 
skilled in their particular line of work, and to the full satisfaction of the 
Supervising Engineers or their representatives. The Specifications con- 
template the very best quality of material and the most mechanical 
character of workmanship. 

All of the work shall be erected, ready for practical use, to the satis- 
faction of the Engineers, and all bolts, gaskets, and necessary adjuncts 
shall be furnished by this Contractor. 

This Contractor shall satisfy himself as to the accuracy of the Drawings, 
and must take such measurements and allow for such make-up lengths or 
pieces as may be necessary to make his work come accurately together. 
The piping must be erected so as to preserve accurate alignment and no 
iron gaskets or fillers will be allowed between flanges. 

Where the work of this Contractor connects to that of another, the 
connections shall be made by this Contractor, and he must see that all 
flanges for connection to the other work are properly drilled to fit the 
latter, irrespective of drilling dimensions on the Drawings or herein 
given. 
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Ibe work contemplated herein shall carried on so as to harmonize 
and not interfere with the work of other contractors or with the operation 
of the Station or any of the machinery that may be contained therein. 
Where connections are made to the old work, they shall be done at such 
time as shall meet the approval of the Chief Engineer of the Station. 
The work shall be installed as expeditiously as possible and subject to 
the general direction of the authorized Engineers. 

The following items pertaining to material and construction details are 
included in the complete specifications but have been omitted from this 
copy. 

Steel Pipe. 

Welded Flanges. 

Threaded Flanges and Unions. 

Fittings. 

Valves. 

Hydraulically Operated Valves. 

Relief Valves. 

Special Valves and Appliances. 

Condenser Specifications and Bids for Detroit Municipal Plant: Power, Dec. 11, 192a 
p. 934. 

Fuel Specifications: Report of Prime Movers Committee, N.E.L.A., June, 1924. 

Specifications: Report of Prime Movers Committee, N.E.L.A., Feb., 1926. 


Traps. 

Flanged Joints. 
Cast-iron Pipe. 
Supports and Hangers. 
Testing. 

Pipe Covering. 
Painting. 



CHAPTER XXI — Supplementary 
PROPERTIES OF SATURATED AND SUPERHEATED STEAM 

875. General. — The thermal and physical properties of water vapor, 
though based on experimental data, permit of accurate mathematical 
formulation, but the equations involved are too complex and unwieldy 
for’ everyday use. Tables and graphical charts calculated and plotted 
from these laws offer a simple and accurate means of solving practically 
all steam problems, and recourse to thermodynamic analysis is seldom 
necessary. 

Several tables and graphical charts of the properties of saturated and 
superheated steam have been published, and though the values given by 
the various authorities differ somewhat from each other the variation is 
negligible for most engineering purposes, at least for pressures under 
250 lb. abs. The steam tables of Peabody,^ Marks and Davis,^ and of 
Goodenough^ are most commonly used in American engineering practice. 
These tables give the simultaneous physical and thermal properties of 
saturated and superheated steam for various pressures and temperatures. 
All three tables are practically identical in arrangement as far as saturated 
steam is concerned but differ somewhat in the treatment of superheated 
steam. At this writing (1926) the Bureau of Standards, Mass. Inst, of 
Technology, and Harvard University are engaged in research work with a 
view of perfecting and extending steam tables, a progress report of which 
may be found in Mech. Engrg,, Jan., 1926, p. 144. 

876. Notations. — It is to be regretted that there is no accepted stand- 
ard set of symbols for designating the various propertie’fe of steam. The 
use of different notations for the same property, as in the tables under 
consideration, leads to much confusion. In the following discussion an 
attempt has been made to follow general practice rather than that of any 
particular author. 

877. Standard Units. — The mean B.t.u., or ^he heat required to 
raise one pound of water from 32 deg. to 212 deg. fahr., is the accepted 
standard heat unit in all recent works on thermodynamics. 

^ Steam and Entropy Tables, Peabody, John Wiley & Sons, 1909. 

* Steatn Tables and Diagrams, Marks & Davis, Longmans, Green & Co., 1912. 

* Properties of Steam and Ammonia, Goodenough, John Wiley & Sons, 1915. 
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The mechanical equivalent of heat J may be taken for all engineering 
purposes as 

1 mean B.t.u. = 778 standard ft.-lb. 

(Goodenough, J = 777.64; Marks & Davis, J = 777.M.) 

The reciprocal of J or is generally designated by the letter A. 

The value of the absolute zero has been variously given as ranging 
from 459.2 to 460.66 deg. fahr. below zero. The most generally accepted 
value is 459.6. For all engineering purposes, the value 460 degrees is 
sufficiently accurate. Temperatures referred to zero deg. fahr. are gener- 
ally designated by t and absolute temperature by T, * 

The normal pressure of the atmosphere, or one standard atmosphere, 
is taken as 29.921 in. of mercury at 32 deg. fahr., or 14.6963 lb. per sq. in. 
For most purposes these values may be taken as 30 in. of mercury at 
ordinary room temperature and 14.7 lb. per sq. in., respectively. Steam 
pressure should always be stated in absolute terms and not '' gage since 
the atmospheric pressure varies within wide limits. Notations p and P 
are commonly used to designate pressure, but bee "•use of the various 
methods of measuring this property they should be qualified to this effect. 
In the following discussion p represents pounds per square inch absolute 
and P pounds per square foot absolute. 

378. Quality. — This term applies strictly to the per cent of vapor in 
a mixture of vapor and water or wet steam, and is usually designated 
by x\ thus a quality of 0.95 signifies that 95 per cent of the total weight 
of the mixture is vapor. For saturated steam x = 1. The quality of 
superheated steam is designated by the temperature of the vapor or the 
degrees of superheat. The latter term refers to the difference between 
the actual temperature and that of saturated vapor of the same pressure. 

379. Temperature-Pressure Relation. Saturated Steam. — All proper- 
ties of saturated steam depend on temperature only. For any tempera- 
ture there is a corresponding pressme, the relationship being determined 
from formulas based upon experimental data. A large number of formulas 
have been proposed to represent this relationship, but the more exact 
equations are too cumbersome for everyday use. In Marks and Davis^ 
steam tables the pressme-temperature relationship is based upon the 
following law: 

logp = 10.51535 -4873.71 0.00405096 r+0.00000139296 IT*. (306) 

Wet Steam. — The relation between pressure and temperature is the 
same for wet steam as for saturated, since the quality does not affect 
the temperature. 

Superheated Steam. — The temperature of superheated steam is not de- 
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pendent solely upon the pressure and some additional property is necessary 
to fix the relationship. 

380* Specific Volume. Saturated Steam, — The specific volume s of 
saturated steam, or the numfier of cubic feet occupied by one pound, 
varies with the pressure and is equal to the sum of the original volume 
of one pound of water <r, and u the increase in volume during vaporiza- 
tion, thus: 

s = w + 

Goodenough’s modification of Lindens equation is 

u = 0.59466 - - (1 + 0.0513 p‘) 

* JP I 

log m = 10.825. 

Wet Steam, — The specific volume v of wet steam may be calculated 
as follows: 

i; = a;s + (1 — a:) <r (309) 

XU + <T, (310) 

s is given in all saturated steam tables. <r varies from 0.0161 cu. ft, 
per lb. at a pressure of 1 lb. per sq. in., absolute, to 0.02 cu. ft. at 300 lb. 
cr is so small compared with s that it may be neglected for most purposes 
and the specific volume becomes v = xs, v may be taken directly from 
the volume-entropy chart. 

Superheated Steam, — The specific volume of superheated steam v' is 
given in all superheated tables. The values in Goodenough^s tables 
were calculated from equation (308) by substituting u = v' — <r, 

Wm. J. Goudie {Engiueering, July 1, 1901) gives the following simple 
rule for determining the specific volume which gives satisfactory results 
for moderate degrees of superheat. 

v' = s (1 + 0.0016 0, (311) 


(307) 

(308) 


in which 

8 = specific volume of saturated steam, cu. ft. per lb., 
t' = degree of superheat. 

Tumlirz’s formula is a simple and fairly accurate abridgment of equation 
(308) for moderate degrees of superheat but at higher temperatures gives 
results that are too low. 

1 / - 0 . 5962 -^ - 0 . 266 . 

P 


( 812 ) 
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SSI. Heat of the Liquid. — The heat of the liquid q, B.t.u. per Ib. 
above 32 deg fahr., is the amount added to water at 32 deg. fahr. in 
order to bring it to the temperature of vaporization, thus: 

q = f c dT, (313) 

q/492 

in which c =* specific heat at constant pressure. 

c varies with the temperature, but the relationship does not permit 
of simple formulation. If Cm = mean specific heat for the temperature 
range, 

32). (314) 

For many purposes it is sufficiently accurate to assume Cm = 1, then 
g = ^ — 32. The relationship between t, c, and c» is shown in Fig. 685 
for a wide range in temperatures. 



Fig. 685. Specific Heats of Water. 

The heat of the liquid is manifestly constant for a given temperature 
whatever may be the condition of the steam. 

38 ». Latent Heat of Vaporization. — The latent heat of vaporization r, 
B.t.u. per lb., is the amount of heat required to change the fluid from 
a liquid to vapor at the same temperature. The latent heat has been 
accurately determined by direct experiment from 32 deg. to 356 deg. 
fahr. and numerous formulas have been based upon the experiments for 
calculating this quantity. Goodenough^s values are calculated from the 
Clapeyron relation: 




( 816 ) 
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A simple formula which gives accurate results from 32 deg. to 400 deg. 
fahr. is 

r = 970.4 - 0.655 (t - 212) - 0.00045 (t - 212)2. ( 315 ) 

At higher temperatures Hennings’ exponential formula as modified by 
Dr. Davis is perhaps more accurate than equation (316), 

r = 139 (689 - (317) 

The latent heat decreases with the increase in temperature until a 
temperature of approximately 706 deg. fahr. (corresponding pressure 
3200 lb. per sq. in.) is reached, when its value becomes 0 . This is called 
the critical temperature. 

Values of r are given in all saturated steam tables. 

Special interest attaches to the values of r at 212 deg. fahr. because 
of its common use in engine and boiler tests. The following values have 
been assigned to this quantity. 

Regnault 966 . 0 Marks and Davis 970.4 

Peabody 969.7 Smith 972.0 

Heck 971.2 Goodenough 971.6 

External Latent Heat, — During the heating of the liquid the change 
in volume is very small and may be neglected; hence the external work 
done is negligible and also practically all of the heat goes to increase 
the energy of the liquid. During vaporization, however, the volume 
changes from a to s. Since the pressure remains constant, the external 
work that must be done to provide for increase in volume is 

P (s — O') = Pu (318) 

and the corresponding heat or external latent heat is 

AP (s - < 7 ) = APu. • (319) 

Internal Latent Heat. — The heat r added during vaporization is 
used in increasing the energy and is doing external work. Hence the 
difference, or internal latent heat p, B.t.u. per lb. above 32 deg. fahr., 

p = r — APu, (320) 

is the heat required to do disgregation work. 

383. Total Heat or Heat Content.^ — The total heat of saturated steam 
X, B.t.u. per lb. above 32 deg. fahr., is evidently the sum of the heat of 

^ The heat content or initial thermal potential is greater than the total heat by 
the heat equivalent of the work of pumping the liquid into the boiler, AP<r-. This 
quantity is negligible for most practical purposes. Modem steam tables give heat 
content rather than total heat. 
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the liquid and the heat of vaporization, or 

X = r + g (321) 

== P 4“ APu 4“ q. (322) 

The heat content of saturated steam may be calculated by means of 
the Davis formula: 


X = 1046.187 4- 0.6077 t - 0.00055 t\ (323) 

The quantity (p 4- ^f) ^ gives the increase in energy of the saturated 

vapor over that of the liquid at 32 deg. fahr. and is called the intrinsic 
energy. 

Wet Steam. — If vaporization is not complete the heat content //«,, 
B.t.u. per lb. above 32 deg. fahr., may be expressed: 

H^ = xr + q (324) 

= xp 4- APxu 4" q- (325) 


Superheated Steam. — If heat is adaed at constant pressure after 
vaporization is completed, the vapor will be superheated, and the heat 
content is 

- r + 3 + CJ (326) 

= X + CJ, (327) 

in which 


Cfn = mean specific heat of the superheated vapor at constant pressure, 
V = degree of superheat = ^gup. — t^t,. 


Goodenough gives the following formula for calculating the heat con- 
tent of superheated steam, absolute temperature of the steam T, deg. 
fahr. 

H, = 0.320 T, + 0.000063 T,* - 

+ 0.00333 p + 948.7, (328) 

log Ca = 10.7915. 


384. Specific Heat of Steam. Saturated Steam. — If the amount of heat 
required to raise the temperature of saturated steam one degree and 
still maintain a saturated condition is construed as the specific heat 
of saturated steam, then the quantity is negative, since heat must be 
abstracted to effect this result. 


0.35 - 0.000666 (« - 212) - 


T 


C, 


(329) 
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Superheated Steam. — The true or instantaneous specific heat C of 
superheated steam at constant pressure is the amount required to in- 
crease the temperature of one pound one degree fahr. Goodenough’s 
equation based on the experiment of Knoblauch and Jakob is 


C' = 0.320 + 0.000126 T, 


23,583 

f- 


Cip (1 + 0.0342 pi) 
-I- 


(330) 


log Ct = 11.3936. 

The mean specific heat may be calculated from superheated steam 
tables as follows: 

(331) 


The mean specific heat of superheated steam at constant pressure for 
a wide range in pressures and temperatures is given in Table 135. The 
values are calculated from Marks and Davis' Steam Tables. 

385. Entropy. General, — No change in a system of bodies that takes 
place of itself can increase the available energy of the system. As a 
matter of fact, the actual physical process is accompanied by frictional 
effects and the quantity of energy available for transformation into 
work is decreased. This decrease in available energy or increase in 
imavailable energy is given the name mcrease of entropy. Although 
the solution of all engineering problems involving thermodynamic changes 
can \>e obtained without employing entropy, still its use simplifies the 
calculation in much the same manner that logarithms facilitate complex 
numerical computations. Increase of entropy between the absolute 
temperatures T 2 and Ti may be expressed mathematically 

Increase of entropy = f ^ , (332) 

JT2 i 


in which dQ represents an infinitesimal amount of heat and T the absolute 
temperature at which it is added. 

Entropy of the Liquid, — The increase in entropy B due to heating 
one pound of liquid from 32 deg. fahr. to temperature T is 


in which 


492 T Jm T ' 


( 333 ) 


Ti * absolute temperature of the liquid = + 460, 

q = heat of the liquid above 32 deg. fahr., B.t.u. per lb., 
c e specific heat of water at temperature T. 



MEAN SPECIFIC HEAT OP SUPERHEATED STEAM 
(.Computed from Marks and Davis’ Steam Tables) 
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Since c varies with the temperature according to a rather complex law, 
the integration in equation (333) does not reduce to a simple form. For 
example, Goodenough’s equation for the range 32-212 deg. fahr ass umes 
the form 

B = 2.3623 log T + 0.0045775 log (I + 4) - 0.00022609 T 

+ 0.00000012867 T* - 6.28787. (334) 

If the value of the mean specific c„ is known for the given temperature 
range, equation (333) reduces to the simple form > 

0^C„log,~ (335) 

Values of B are found in all unabridged steam tables. 

Entropy of Vaporization. — Since the temperature at which vaporiza- 
tion takes place is constant, the change of entropy experienced by the 
fluid during vaporization is 

n = ^ = (336) 

If vaporization is incomplete as in case of wet steam, 

xr 

w„ = a:n = -y- (337) 


Entropy of Superheat. — The entropy change during superheating may 
be expressed 


ns 


fr 


^sC'dT 


(338) 


= temperature of the vapor. 


If the value of the mean specific heat Cm for the temperature range 
to Tf is known, the integration of equation (338) reduces to the simple 
form 

ns = Cm loge*^ • (339) 


Total Entropy of Saturated Steam. — The increase in entropy from 
liquid at 32 deg. fahr, to saturated vapor at temperature T is 

N = n + B =^-\-B. (340) 


Total Entropy of Wet Steam. 



TABLE 1S6.. 
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Density 
Weight per 
Cubic Foot, 
Pounds. 

>• 

0.000340 

0.000656 

0.000961 

0.001259 

0.001555 

0.001850 

0.002143 

0.002431 

0.002719 

0.00300 

0.00576 

0.00845 

0.01107 

0.01364 

0.01616 

0.01867 

0.02115 

0.02361 

0.02606 

0.02849 

0.03060 

Specific 

Volume. 

03 

2935.0 

1524.0 

1041.0 

794.0 

642.0 

541.0 

467.0 

412.0 
367.9 

333.0 

173.5 

118.5 

90.5 

73.33 

61.89 

53.56 

47.27 

42.36 

38.38 

35.10 

32.36 

Total 

Entropy. 

+ 

2.1728 

2.1127 

2.0775 

2.0530 

2.0332 

2.0184 

2.0053 

1.9942 

1.9843 

1.9754 

1.9180 

1.8848 

1.8614 

1.8432 

1.8285 

1.8161 

1.8053 

1.7958 

1.7874 

1.7797 

1.7727 

Entropy 
of the 
Vapor. 


2.1666 

2.0704 

2.0135 

1.9730 

1.9413 

1.9155 

1.8936 

1.8747 

1.8578 

1.8427 

1.7431 

1.6840 

1.6416 

1.6084 

1.5814 

1.5582 

1.5380 

1.5202 

1.5042 

1.4895 

1.4760 

Entropy 
of the 
Liquid. 


0.0062 

0.0423 

0.0640 

0.0890 

0.0926 

0.1029 

0.1117 

0.1195 

0.1265 

0.1327 
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0.2008 

0.2198 
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0.2673 

0.2756 
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0.2902 

0.2967 

Heat 
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of 
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iO »o »o 
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of 
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a 
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938.6 
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O' I 

+ i 

w 

< 

1074.7 

1082.8 
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1091.6 
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1099.3 

1101.2 
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1104.4 

1115.0 
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zation. 

u 
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985.0 
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976.6 

Heat of 
the 

Liquid. 


3.05 

21.23 

32.57 

40.95 

47.71 

53.34 

58.18 

62.45 

66.31 

69.8 

94,0 

109.4 

120.9 
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Tempera- 

ture, 

Degrees F. 
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53.15 

64.49 
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101.83 
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153.01 
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170.06 

176.85 
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* Courtesy of the Publishers, Longmans, Green & Co. t Interpolated. 
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ToUd Entropy of Superheated Steam. 

N === n + Us + 6 = ^ + Cm loge ^ (^2) 


Using Knoblauch and Jakob’s values for the specific heat of superheated 
steam, Goodenough gives the following rule for calculating the total 
entropy of superheated steam 


N, = 0.73683 log T, + 0.000126 T, - - 

0.08086. ' 

I s 


0.2535 log p 


(343) 


log C4 = 10.69464. 

Tables 136 and 137 are abridged from Marks and Davis’ Steam 
, Tables and Diagrams.” 

386, Molller Diagram. — Steam tables are often accompanied by 
graphical charts that may be used to great advantage in the solution of 
thermodynamic problems. Fig. 686 gives a skeleton outline of the 
total heat-entropy diagram and Fig. 687 a reduce I copy of the complete 
chart. The first conception of the heat-entropy chart is due to Dr. R. 
Mollier of Dresden, hence the name, Mollier Diagram. 



Fig. 686. Mollier Diagram — Skeleton Outline. 


Referring to Fig. 686, abscissas represent total entropy and ordinates 
represent B.t.u. per lb. Vertical lines then indicate constant entropy 
and horizontal lines constant heat content. PiPi and P 2 P 2 represent 
lines of constant pressure and XiXi and X 2 X 2 lines of constant quality. 
Evidently any point in the chart represents a fixed condition of heat 
content, pressure, quality, and entropy as determined by its location with 
respect to the different lines. Thus, point 1 represents a pressure Pi as 
determined by the numerical value of Une PiPi, quality Xi by its location 
on line XiXi, entropy Ni by its projection on the X axis and heat content 
Hi by its projection on the Y axis. 
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TABLE 137. 

PBOFEKTIES OF SDPERHEATEO STEAU. 

Reproduced by Permiasion from Marks and Davis' “ Steam Tables and Diagjnttneb** 
(Copyright, 1909, by Longmans, Green A Co.) 


Pressure, 

Pounds 

Absolute. 

Satu- 

rated 

Steam. 

D^rees of Superheat. 

FroseuTOv 

Founds 

Al^luta, 

60 

100 

160 

200 

260 

300 


t 

162.3 

212.3 

262.3 

312.3 

362.3 

412.3 

462.3 

t 


5 

V 

73.3 

79.7 

85.7 

91.8 

97.8 

mismm 

Enso 

V 

6 


h 

1130.5 

1153.5 

1176.4 

1199.5 

1222.5 

1245.6 

1268.7 

h 



t 

193.2 

243.2 

293.2 

343.2 

393.2 

443.2 

493.2 

t 


10 

V 

38.4 

41.5 

44.6 

47.7 


53.7 

56.7 

V 

10 


h 

1143.1 

1166.3 

1189.5 

1212.7 


1259 3 

1282.5 

h 


t 

213.0 


KfKVjJI 

KfitSiriR 

IRkIiim 

463.0 

nEO 

i 


15 

V 

26.27 



32.50 

34.53 

36.56 

38.58 

V 

15 


h 

1150.7 

1174.2 


imwm 

1244.4 

1267.7 

1291.1 

h 


« 

t 




378.0 



528.0 

t 



V 


21.69 

23.25 

24.80 

26.33 

27.85 

29.37 

V 

20 


h 

1156.2 

1179.9 


1227.1 

1250.6 

1274.1 


h 



t 

Eswm 

WMimm 




ESSO 


t 


25 

V 

16.30 

17.60 

18.86 


21.32 

22.55 

23.77 

V 

25 


h 


1184.4 

1208.2 

1231.9 

1255.6 

1279.2 

IKil/KR 

h 



t 



350.4 

400.4 

EMlEI 

mssKM 


t 


30 

V 

13.74 

14.83 

15.89 

16.93 

17.97 

18.99 


V 

30 


h 

1163 9 

1188.1 

1212.1 


1259.7 

1283.4 


h 



t 

259.3 


359.3 


459.3 


559.3 

t 


35 

V 

11.89 


13.75 

14.65 

15.54 

16.42 


V 

35 


h 

umm 

1191.3 

1215.4 

1239.4 

1263.3 

1287.1 


h 



t 

267.3 

317.3 

367.2 

417.3 

467.3 

517.3 

567.3 

t 


40 

V 

mSMi 

11.33 

12.13 

12.93 


14.48 

15.25 

V 

40 


h 

1169.4 

1194.0 

1218.4 

1242.4 

1266.4 


1314.1 

k 



t 

274.5 

324,5 

374.5 

424.5 

474.5 

524.5 

574.5 

t 


45 

V 

9.39 

10.14 


11.57 


12.96 

13.65 

V 

45 


h 

1171.6 

1196.6 


1245 2 

1269.3 

1293 2 


h 



t 

Kdlil 



KKfHiJI 

EMlfl 

^iO 


t 


50 

V 

8.51 

9,19 

9.84 


11.11 

11.74 

12.36 

V 

50 


h 

1173.6 

1198,8 

1223.4 

1247.7 

1271.8 

1295.8 

1319.7 

h 



t 

287.1 

337.1 

387.1 

437.1 

487.1 

537.1 

587.1 

t 


55 

V 

7.78 



9.59 

mEBm 



V 

55 


h 

1175.4 


1225.6 


1274.2 

1298.1 


h 



t 

292.7 

342.7 

392.7 

442.7 

492.7 

542.7 

592.7 

t 


60 

V 

7.17 

7.75 


8.84 

> 9.36 

9.89 

10.41 

V 

60 


h 



1227.6 

1252.1 

1276.4 


1324.3 

h 



t 




mmm 

498.0 


598.0 

t 


65 

V 

6.65 



8.20 

8.69 

9.17 

9.65 

V 

65 


h 

1178.5 


1229.5 

1254.0 

1278.4 

mmm 

1326.4 

h 



t 


352.9 



502.9 

552.9 

602.9 

t 


70 

V 


6.71 

7.18 


8.11 

8.56 

9.01 

V 

70 


h 

1179.8 


1231.2 

1255.8 

1280.2 


1328.3 

h 



t 

wmgm 

357.6 

407.6 

457.6 

507.6 

557.6 


t 


75 

V 

5.81 

6.28 

6.73 

7.17 



8.44 

V 

75 


h 

1181.1 

1207.5 

1232.8 

1257.5 

1282.0 

1306.1 

1330.1 

h 



t 

312.0 




512.0 



t 


80 

V 

5.47 

6.92 

6.34 

6.75 

7.17 


7.95 

V 

80 


h 

1182.3 


1234.3 

imum 

mswm 

1307.8 

1331.9 

1 ^ 



t 

316.3 

366.3 

416.3 

466.3 

516.3 


616.3 

! t 


85 

V 

5.16 

5.59 


6.38 

6.76 


7.51 

1 ^ 

85 


h 

1183.4 

1210.2 

1235.8 


1285.2 

1309.4 

1333.5 

h 



t » Temperature, deg. fahr. 

9 » Specifio volume, in cubic feet, per pound. 
I • Total tieat from water at 32 degrees* 
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TABLE 137. — Continued 


PNesure, 

Poundb 

AfagolutsL 

Satu- 

rated 

Steam. 

1 Degrees of Superheat. 

Preeeu^ 

Pounds 

Absolute. 

50 

100 

ISO 

200 

250 

300 


t 

320.3 

370.3 

420.3 

470.3 

520.3 

570.3 

620.3 

t 


00 

V 

4.89 

5.29 

5.67 

6.04 

6.40 

6.76 

7.11 

V 

90 


h 

1184.4 

1211.4 

1237.2 

1262.0 

1286.6 

1310.8 

1334.9 

h 



t 

324.1 

374.1 

424.1 

474.1 

524.1 

574.1 

624.1 

t 


95 

V 

4.65 

5.03 

5.39 

5.74 

6.09 

6.43 

6.76 

V 

95 


h 

1185 4 

1212.6 

1238.4 

1263.4 

1288.1 

1312.3 

1336.4 

h 



t 

327.8 

377.8 

427.8 

477 8 

527.8 

577.8 

627.8 

t 


100 

V 

4.43 

4.79 

5.14 

5.47 

5.80 

6.12 

6.44 

V 

100 


h 

1186 3 

1213.8 

1239.7 

1264.7 

1289.4 

1313.6 

1337.8 

h 



t 

331.4 

381.4 

431.4 

481.4 

531.4 

581.4 

631.4 

t 


105 

V 

4.23 

4.58 

4.91 

5.23 

5.54 

5.85 

6.15 

V 

105 


h 

1187.2 

1214.9 

1240.8 

1265.9 

1290.6 

1314.9 

1339.1 

h 



i 

334.8 

384.8 

434.8 

484.8 

534 8 

584.8 

634.8 

t 



V 

4 05 

4 38 

4.70 

5.01 

5.31 

5.61 

5.90 

V 



h 

1188 0 

1215.9 

1242 0 

1267.1 

1291.9 

1316.2 

1340.4 

h 



t 

338.1 

388.1 

438.1 

488.1 

538.1 

588.1 

638.1 

t 


115 

V 

3.88 

4.20 

4.51 

4.81 

5.09 

5.38 

5.66 

V 

115 


h 

1188.8 

1216 9 

1243.1 

1268.2 

1293.0 

1317.3 

1341.5 

h 



t 

341.3 

391.3 

441.3 

491.3 

541 3 

:n.3 

641.3 

t 


120 

V 

3.73 

4.04 

4.33 

4.62 

4.89 

5.17 

5.44 

V 

120 


h 

1189.6 

1217.9 

1244 1 

1269.3 

1294.1 

1318 4 

1342.7 

h 



t 

344.4 

394.4 

444.4 

494 4 

544 4 

594.4 

644.4 

t 


125 

V 

3.58 

3.88 

4.17 

4.45 

4.71 

4 97 

5.23 

V 

125 


h 

1190.3 

1218.8 

1245.1 

1270.4 

1295.2 

1319.5 

1343.8 

h 



t 

347.4 

397.4 

447.4 

497.4 

547.4 

597.4 

647.4 

t 


130 

V 

• 3.45 

3.74 

4.02 

4.28 

4.54 

4.80 

5.05 

V 

130 


h 

1191 0 

1219 7 

1246.1 

1271.4 

1296.2 

1320.6 

1344.9 

h 



i 

350.3 

400.3 

450.3 

500.3 

550.3 

600.3 

650.3 

t 


135 

V 

3.33 

3.61 

3.88 

4.14 

4.38 

4.63 

4.87 

V 

135 


h 

1191.6 

1220.6 

1247.0 

1272.3 

1297.2 

1321.6 

1345.9 

h 



t 

353.1 

403.1 

453.1 

503.1 

553.1 

603.1 

653.1 

t 


140 

V 

3 22 

3.49 

3.75 

4 00 

4.24 

4 48 

4.71 

V 

140 


h 

1192.2 

1221.4 

1248.0 

1273.3 

1298.2 

1322.6 

1346.9 

h 



i 

355.8 

405.8 

455 8 

505.8 

555.8 

605.8 

655.8 

t 


145 

V 

3.12 

3.38 

3 63 

3.87 

4.10 

4.33 

4.56 

V 

145 


h 

1192.8 

1222.2 

1248 8 

1274,2 

1299.1 

1323.6 

1347.9 

h 



i 

358.5 

408.5 

458.5 

508.5 

558.5 

608.5 

658.5 

t 


150 

V 

3.01 

3.27 

3,51 

3.75 

3.97 

4.19 

4.41 

V 

150 


h 

1193.4 

1223.0 

1249 6 

1275.1 

1300.0 

1324.5 

1348.8 

h 



t 

361.0 

411.0 

461.0 

511.0 

561.0 

611.0 

661.0 

t 


155 

V 

2.92 

3.17 

3.41 

3.63 

3.85 

4.06 

4.28 

V 

155 


h 

1194.0 

1223.6 

1250.5 

1276.0 

1300.8 

1325.3 

1349.7 

h 



t 

363.6 

413.6 

463.6 

513.6 

563.6 

613.6 

663.6 

t 


160 

V 

2.83 

3.07 

3.30 

3.53 

3.74 

3.95 

4.15 

V 

160 


h 

1194.5 

1224.5 

1251.3 

1276.8 

1301.7 

1326.2 

1350.6 

h 



t 

366.0 

416,0 

466.0 

516.0 

566.0 

616.0 

666.0 

t 


165 

V 

2.75 

2.99 

3.21 

3.43 

3.64 

3.84 

4.04 

V 

165 


h 

1195.0 

1225.2 

1252.0 

1277.6 

1302.5 

1327.1 

1351.5 

h 



t 

368.5 

418.5 

468.5 

518.5 

568.5 

618.5 

668.5 

t 



V 

2.68 

2.91 

3.12 

3,34 

3.54 


3.92 

V 



h 

1195.4 

1225.9 

1252.8 

1278.4 

1303.3 

1327.9 

1352.3 

h 



t » Temperature, deg. fahr. 

9 "• Specific volume, m cubic feet, per pound. 
h m Total heat from water at 82 degrees, 









962 


STKAM POWER PLANT ENGINEERING 



t » Temperatwe, deg. fidir. 

« ■■ Specific voiumef in cubic feet, per pound. 
k m Total heat from water at 82 degmee, 
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91 ni0‘+u»*uo3 4e»H 


Fiq. 686a. Mollier Diagram for High-pressure Computations. 
(Reproduced from Power) 


entropy, 8 TU. per De^ F 



CHAPTER XXII — Supplementary 
ELEMENTARY THERMODYNAMICS — CHANGE OF STATE 


387. General. — The laws governing the transformation of steam from 
one state to another form the basis of practically all thermodynamic analy- 
ses of the steam engine and turbine. The more common and important 
changes are 

(1) Isobaric or equal pressure. 

(2) Isovolumic or equal volume. 

(3) Isothermal or equal temperature. 

(4) Constant heat content. 

(5) Adiabatic or no external heat exchange. 

(6) Polytropic. 


388. Isobaric or Equal-Pressure Change. Saturated Vapor. — Since 
the temperature of wet or saturated steam is dependent on the pressures 
only, a constant-pressure change of such material must also be a constant- 
temperature one. Denoting the initial and final properties by subscripts 
1 and 2 respectively: 

Initial volume Vi = XiSi + (1 ~ <ri = XiUi + ai. (344) 

Final volume V 2 = X 2 S 1 + (I — X 2 ) <ti — X 2 U 1 + cri, (345) 

Change of volmne ^2 — Vi = Ui {x 2 ~ Xi). (346) 

External work TF = Pi {vi — t^i) = PiUi {x 2 — Xi). (347) 


Change of energy = ^ (x 2 — Xi). 
Heat absorbed = ri (x 2 — Xi). 


(348) 

(349) 


Notations: 


A = 


778’ 


p = lb. per sq. in. abs. 


P - lb. per sq. ft. abs. x - quality of 
wet steam. 

8 = specific volume of dry steam, cu. ft. 
per lb. 

V = specific volume of vapor, cu. ft. 
per lb. 

c = specific volume of water, cu. ft. 
per lb. 

u * increase in volume during evapora- 
tion, cu. ft. 

t « deg. fahr. above zero. T = deg. 
fahr. abs. 


Cm " mean specific heat of water. 

C » mean specific heat of superheated 
steam. 


H = heat content above 32 deg. fahr., 
B.t.u. per lb. 

X = total heat of dry steam, B.t.u. per 
lb. 

r = latent heat of vaporization, B.t.u. 
per lb. 

p = internal latent heat, B.t.u. per 
lb. 

q = heat of liquid, B.t.u. per lb. 

B *= entropy of the liquid. 

n * entropy of the vapor. 

N = total entropy. 

Prime marks indicate superheat. 
Sul:»cripts 1, 8 indicate, respec- 

tively, initial condition, fined condi- 
, tion, wet steam, and superheated 
steam. 
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Example 96. — At a pressure of 115 11). per sq. in. absolute, the volume 
of one pound of vapor and liquid is increased 1 cu. ft. Required the 
change of quality, external work, increase of energy and heat absorbed. 

Solution. — From steam tables si = 3.88; <ri = 0.0179; pi = 797.9; 
ri = 879.8. 

Ch“8® »' “ 3.88 _’o.0179 " “ 

External work = Pi (^2 - t;i) = 144 X 115 X 1 = 16,560 ft. lb. 

Change of energy = j - Xi) = 797.9 X 778 X 0.259 
= 160,778 ft. r .. 

Heat absorbed = ri — Xi) = 879.8 X 0.259 = 227.79 B.t.u. 

Superheated Steam, — Let superheated steam change state at constant 
pressure pi from an initial temperature ti to a final temperature h. 

' Change of volume = The values of v' corresponding to pres- 

sure Pi and temperatures ti and <2 may be taken directly from steam 
tables or they may be calculated from equation (308). They may be 
approximated from equations (311) and (312). 


External work = 

Pi (v/ 

- vO. 

(350) 

Change of energy = 

//// 

\ A 


(351) 

= 

Ih'- 

A 

^ - Pi iv,' - Vi'). 

(352) 

Heat absorbed = 

m' - 

Hi'. 

(353) 

Change of entropy = 

iV/- 

Ni'. 

(354) 


Example 96. — Using the data in the preceding example, determine the 
various quantities, if the initial degree of superheat is 100 deg, fahr. 

Solution. — From superheated steam tables for = 115 and ti = 438.1 
(= 338.1 + 100) we find: Vi^ = 4.51; Ih' = 1243.1; A/ = 1.6M9. 

For p 2 = Pi = 116 and V 2 = (4.51 + 1) = 5.51 we find by interpola- 
tion Ha' = 1328.5; N 2 ' = 1.7419; t/ = 621.3. 

Increase of superheat * t 2 — ti 

= 621.3 - 438.1 = 183.2 deg. fahr. 
External work = Pi (vo — Vi) 

= 144 X 115 X 1 - 16,560 ft. lb. 

, . H2' - H/ p „ 

Increase of energy = Pi (va — Vi) 

- (1328.5 - 1243.1)778 - 16,560 
= 49,881 ft. lb. 

Increase of entropy = iVi' — N 2 

= 1.7419 - 1.6549 = 0.087. 

Heat absorbed = Ha' — H/ 

* 1328.5 - 1243.1 = 85.4 B.t.u. 
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389» IsoTolumlc or Equal Volume Change. Saturated Steam. — Since 
the volumes si and S 2 are equal 

Si = 52 or XiUi + <Ti = X 2 U 2 + (355) 

External work = 0. (356) 

Heat absorbed = Xipi + qi — (X 2 P 2 + qz)- (357) 

Example 97. — A pound of mixture of vapor and liquid at 115 lb. per 
sq. in. absolute and quality 0.9 is cooled at constant volume to a pressure 
of 1 lb. per sq. in. absolute. Required the various properties at the final 
condition and the heat taken from the mixture. 

Solution. — From steam tables: 

Pi = 115, Si = 3.88, (Ti = 0.0179, 

Pi = 797.9, - 309, ni = 1.103, ^1 = 0.4877, 

= 1 , S2 = 333, era = 0.0161, pa = 972.9, 
q2 = 69.8, n2 = 1.8427, $2 = 0.1327, 

Final quality X 2 = 

^ 0.9 (3.88 ~ 0.0179) + 0.0179 - 0.0161 
333 - 0.0161 

= 0.0105. 

Heat removed = xipi + gi — {X 2 P 2 + $ 2 ) 

= 0.9 X 797.9 + 309 - (0.0105 X 972.9 + 69.8) 

= 947 B.t.u. 

Initial entropy Ni = a;ini + Bi 

= 0.9 X 1.103 + 0.4877 = 1.4804. 

Final entropy N 2 = Xano + B 2 

= 0.0105 X 1.8427 + 0.1327 = 0.1520. 

Superheated Steam. — Since the final volume is equal to the initial, 
and both pressures and the initial temperature are known, the final tem- 
perature may be calculated from equation (308) or it may be taken 
directly or interpolated from the steam tables. 

Example 98. — Using the data in the preceding problem determine the 
various factors if the initial degree of superheat is 100 deg. fahr. 

Solution. — From steam tables for pi = 115 and ti = 338.1 + 100 = 
438.1 we find: v/ = 4.51, Hi' = 1243.1, = 1.6549. 

8 for 1 lb. per sq. in. absolute pressure = 333 cu. ft. but the given 
volume is 4.51 cu. ft. Therefore the steam is wet at the final condition. 

From steam tables for p 2 = 1 we find: 

P2 = 972.9, q2 = 69.8, nz = 1.8427, ^2 = 0.1327. 

Since the volumes are equal 

V/ « V2 

** + OTf. 
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Final quality — 

Ui 

_ 4.51 - 0.0161 
333 ~ 0.0161 


0.0135. 


Heat removed = Hi — APiVi — (x-ipt + qt) 

144 V 1 1 ^ 

= 1243.1 X 4.51 - (0.0135 X 972.9 + 69.8) 

= 1065 B.t.u. 


Initial entropy (from steam tables) iV/ = 1.6549. 

Final entropy N 2 = 3 : 2^2 + 62 

= 0.0135 X 1.8427 + 0.1327 = 0.1575. 


390. Isothermal or Equal Temperature Change. Saturated Yapcrr , — 
Since the temperature of wet or saturated steam is dependent solely upon 
'the pressure, an isothermal change is also isobaric, and the data in para- 
graph (388) are applicable to this change. 

Superheated Steam, — The properties at initial and final conditions 
may be calculated from equations of the propertic"* of superheated steam 
or they may be taken directly from steam tables or charts. If wet or 
saturated steam expands isothermally into the superheated state the 
pressure must drop in order to maintain constant temperature. The 
relation between pressure, volume and temperature for the superheated 
state is given in equation (308). 

Example 99. — One pound of steam at initial pressure 115 lb. per sq. 
in. absolute and superheat 100 deg. fahr. is expanded isothermally to a 
pressure of 1 lb. per sq. in. absolute. Required the various properties 
at the final pressure, the heat absorbed during expansion and the external 
work done. 

Solution. — From superheated steam tables for 2 ?j = 115 and ti — 338.1 
+ 100 ='438.1 we find: v\ = 4.51, Hx — 1243.1, N\ = 1.6549. 

For V 2 = 1 and ^ 2 ' = 438.1, V 2 ^ = 535, H 2 ' = 1258.3, iVg' = 2.1888. 

Final quality = 438.1 — 101.8 = 336.3 deg. superheat. 

Heat added during expansion = T 2 (N 2 — N\') 

= 898 (2.1888 - 1.6541) 

=i 481 B.t.u. 

(Note that the heat added is not equal to the difference in total heats, 
since the isothermal is not a constant-pressure line.) 

External work = J^Pdv, (358) 

Since the temperature is constant dv may be obtained by differen- 
tiating equation (308). Substituting this value of dv in equation (358) 
and integrating we have, 
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External work = 85.63 T, log« — + 2.46 (pi^ — p 2 *) ^ (359) 

P2 I 

1 1 K n 

= 85.63 X 898 log,i~ + 2.46 (115* - 1*) ^ 

== 366,000 ft. lb. (approx.) 

(log C = 10.8250.) 

391. Constant Heat Content. — Expansion from one pressure to a 
lower one with constant heat content is exemplified in throttling or wire 
drawing. The energy utilized in imparting velocity to the fluid is all 
returned to the fluid at the lower pressure when the velocity is brought 
to zero and there are no radiation losses. 

For steam wet throughout expansion 

xiTi + qi = X2r2 + ^2. (360) 

For steam initially wet but dry at the lower pressure 

XiTi + gi = X 2 . (361) 

For steam initially wet but superheated at the lower pressure 

XiTi + ^1 == X 2 + CmU = H2> (362) 

For steam initially dry 

Xi = X 2 + O 2 ' = H 2 '. (363) 

For steam initially superheated 

//i' = H 2 '. (364) 

Loss of available energy due to throttling or wire drawing 

Loss B.t.u. per lb. = T 2 {N 2 — Ni), (365) 

Example 100 . — One pound of steam at an initial pressure of 115 lb. 
per sq. in. absolute is expanded through a throttling calorimeter to a 
pressure of 16 lb. per sq. in. absolute. If the temperature of the steam 
at the lower pressure is 256.3 deg. fahr. required the initial quality of the 
steam. ' 

Solution. — From saturated steam tables: 

Pi = 115, ri = 879.8, qi = 309, Ni = 1.5907. 

From superheated steam tables for p 2 = 16 and fe' = 256.3 we find: 

H 2 = 1170.8, N 2 = 1.7765, <2 (sat.) = 216.3, 

XiTi + qi= Hty 

879.8 xi 4- 309 = 1170.8, xi = 0.98. 

Mollier diagram analysis. Fig. 687: From intersection of constant 
superheat line *= 40 (« 256.3 — 216.3) and constant pressure line 
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Pj = 16 trace horizontally to constant pressure line pi = 115 and read 
from its intersection with the constant quality line, Xi = 0.98. 

Decrease of available energy = T 2 (N 2 — Ni) (366) 

= (216.3 + 460) (1.7765 - 1.5907) 

= 125.6 B.t.u. 


392. Adiabatic Change of State. — Since in an adiabatic change there 
is no heat added to or abstracted from the fluid, the entropy remains 
constant. 

Steam wet throughout change of state 


Ni = . 

Xitii + 01 = Xifh + 02. 


(366a) 

(367) 


-jr + Si- 


X2r2 

T 2 


+ ^2- 


(368) 


' For water only, x = 0; for dry steam, x = L 
Steam initially superheated but finally wet 

AT/ = N 2 . (369) 

Ni 4" ~ X 2 U 2 4* ^2* (370) 


Steam superheated throughout change of state 

Ni' = JV 2 ', (371) 

Ni ris = N 2 + ns{2)j (372) 

4“ loge-^ = -^ + ^2 4-|^C'«loge-^^J‘ (373) 


Final Quality, Saturated Steam, — This quantity may be calculated 
directly from equations (366a) and (367). 


Th 

If water only is present at the beginning of expansion, substitute Ni 
= 6i in equation (374). 

For initial qualities of Xi = 0.50 (approx.) or greater the final quality 
X 2 decreases as the expansion progresses, and for initial qualities of = 
0.50 (approx.) or less the final quality increases. For initial quality Xi = 
0.50 the final quality X 2 remains practically constant. 

The final volume may be calculated as follows: 

Wet steam, V 2 = 0 : 2^2 4- ^’ 2 , (376) 

X 2 as calculated from equations (367) and (370), 

Dry steam, V 2 = 8%. 


(377) 
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Superheated Steam. — For superheat at the end of expansion the calcu- 
lations involved in equation (373) are too cumbersome and unwieldy and 
the Mollier diagram may be used to advantage. 

Volume Change. — Superheated steam: the final volume V 2 may be 
calculated from equation (308) by substituting for p the final pressure, 
and for Ts the final temperature as calculated from equation (373). The 
final volume, however, may be taken directly from the pressure-entropy 
chart. 

External Work. — Since the heat added or subtracted is zero, the 
external work is equal to the change of intrinsic energy, or in general 

If = i [(ffi - APip^) - {H.. - APj*;,)]. (378) 

Steam initially wet 

W — [{xipi + qi) — {X 2 P 2 + ? 2 )]» (379) 

Steam initially dry, substitute Xi = 1. 

Steam initially superheated but wet at end of expansion 

W=J l(H,' - APxvO - (x^ + gO]. (380) 

Steam initially superheated but dry at end of expansion substitute 

X 2 = 1 . 

Steam superheated throughout expansion 

W = J [(/// - APiv,') - (/// - AP,v,% (381) 

Heat absorbed = II i — Hi. 

Steam initially wet 

Hi - Hi = (xin + qi) — {XiTi + qi). (382) 

Xi as calculated from equation (374). 

Steam initially dry, substitute Xi = 1. 

Steam initially superheated but wet at end of expansion 

Hi' - Hi = Hi' - (Xin + qi). (383) 

Steam superheated throughout expansion, heat absorbed 

Hi' - Hi'. (384) 

Bromple 101. — One pound of steam at initial pressure 115 lb. per 
sq. in. absolute and superheat 100 deg. fahr. expands adiabatically to 
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1 lb. per sq. in. absolute. Required the various quantities at the final 
condition. 


Solution. — From superheated steam tables for pi = 116 and ti = 438.1 
= (338.1 + 100) we find: Hi' = 1243, V = 4.51, = 1.6549. 

iVom saturated steam tables: p2 = 1, s = 333, qi = 69.8, = 1104.4, 

ra = 1034.6, pa = 972.9, na = 1.8427, 6^ = 0.1327, era = .0016. 


Final quality: 


Xa = 


Hi' - ^a 
na 

1.6549 - 0.1327 
1.8427 


= 0.826. 


Mollier diagram ^alysis. Fig. 687: Trace the intersection of pi = 115 
and ti — 438.1 vertically downward (constant entropy) to the line pa = 1 
and read 0.826 at the intersection of this line with the constant quality 
line (interpolated in this case). 

' Final volume: va = ajai^ + o-a 

= 0.826 X 333 + 0.016 
= 275 cu. ft. 


(This quantity may be taken directly from i\e total heat pressure 
diagram.) 

External work: W - — APiVi) — {X 2 p 2 + 52)], 

144 V 11.5 

= 778 [(1243.1 - ~ (0.826 X 972.9 + 69.8)] 

= 213,938 ft. lb. 

Heat absorbed from the fluid 
= Hi - {X2r2 + ^ 2 ) 

= 1243.1 - (0.826 X 1034.6 + 69.8) = 318.8 B.t.u. 

Mollier diagram. Fig. 687: Project the intersection of pi = 115 and 
ti == 438.1 upon the Y axis and read Hi = 1243. Similarly the pro- 
jection of the intersection of pa = 1 and X 2 = 0.826 gives Ha = 9^.3, 
Hi' - Ha = 1243 - 924.3 = 318.7 B.t.u. 


393. Polytropic Change of State. — A general law for the expansion of 
any vapor (wet, dry, or superheated) is 


= constant, 

(385) 

piwi” = 

(386) 

II 

• 

(387) 


By giving n special values we are able to obtain the various changes 
of state for constant volume, constant pressure, isothermal and adiabatic. 
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The work 
expressed 


For n = 1, 


Saturated Steam. — Since with wet or saturated ste^^m there can be 
no change of pressure without a change of temperature, the value of 
n will vary with every change of state and for this reason the use of 
equations (385) and (388) are more troublesome than the preceding 
thermal analysis. An exception is that of saturated expansion ” in 
which steam remains saturated throughout change of state. A study 
of the actual volume occupied by a pound of dry steam at various pres- 
sures will show that n has an approximately constant value of 1.0646 or, 

p^i^ii.0646 =5 constant, (392) 

u — s — a. (Except for high pressures the 
influence of cr is negligible and u = s 
may be safely assumed.) 

This condition of constant saturation during expansion seldom occurs 
in steam engine practice but equation (392) offers the only simple solution 
of problems involving work done by such a change of state. 

Example 102. — One pound of steam at an initial pressure of 115 lb. 
per sq. in. absolute expands to a pressure of 2 lb. absolute and maintains 
a saturated condition throughout expansion. Required the final volume 
and the work done during expansion. 

Solution. — From equations (386) ajnd (392) 

= (3.88 - 0.018) (^)rii8 
= 173.6 cubic feet. 

This value checks with that obtained 
from steam tables. 


done by expansion for all values of n, except n = 1, may be 
W =J^Pdti^ 

PlVi — PtVi 


n — 1 


W 


-s: 


Pdv 


= PiPi logo- 


(388) 

(389) 

(390) 

(391) 
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^Work done W = ^ ^ 
n — 1 

_ 144 (116 X 3.862 - 2 X 173.6) 

0^6-1 

Wet Steam, Actual Expansion, — The valuea of n for the expansion 
and compression curves of indicator diagrams from actual engines are 
subject to a wide variation. A study of several types and sizes of engines 
by J. Paul Clayton^ gave values of n varying from 0.7 for wet steam to 
1.34 for highly superheated steam. The average value of n is, however, 
not far from 1. That n = 1 for isotheimal gas expansion and the average 
actual steam cylinder expansion is a mere coincidence and does* not signify 
that the expansion in the latter is isothermal. See Conventional Dia- 
gram, par. 399. 

Example 103. — One pound of saturated steam at an initial pressure of 
115 lb. per sq. in. absolute expands so that its volume has been increased 
5 times. Required the work done during expansion.^ 

Solution. — W P\Vi log« - 

= 144 X 115 X 3.88 log, f , 

= 103,200 ft. lb. 

Wet Steam, Adiabatic Expansion. — The ease with which problems 
involving adiabatic expansion of vapor or moderately superheated steam 
can be solved by exact thermal analysis precludes the use of the more 
troublesome polytropic expansion law. A number of attempts have been 
made to derive laws which will give the value of n for adiabatic expansion 
of saturated or wet steam but their accuracy is limited to a comparatively 
narrow range of pressures and quality. A rule formulated by H. E. Stone® 
and often used in this connection is: 

n = 1.059 - 0.000315 p + (0.0706 + 0.000376 p) x, (393) 

Example 104. — One pound of steam expands adiabatically from an 
initial pressure of 115 lb. per sq. in. and quality 0.9 to a pressure of 1 lb. 
absolute. Required the final volume and the work done during expansion 
by exact thermal methods and by the poly tropic law using equation (393) 
‘for determining the value of n. 

Solution. — From steam tables: 

Pi = 115, Qi = 309, Pi = 797.9, 6 i = 0.4877, ni = 1.103, vi ==• 3.88, 
p2 1> Qt ^ 69.8, P2 ~ 972.9, 62 ~ 0.1327, 712 = 1.8427, V 2 ~ 333. 

^ University of Illinois Bulletin, Vol. 9, No. 26, 1915. 

» Assuming n = 1. 

* University of Illinois Bulletin, Vol. 9, No. 26, p. 79. 
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Exact thennal methods: 

XiUi di — 02 

Xj 

Til 

0.9 X 1.103 + 0.4877 - 0.1327 
1.8427 

= 0.731. 

V2 = XtUi + <Ti 

= 0.731 (333 - 0.016) + 0.016 
= 247.7 cu. ft. 

^ ~ \ [( 3 :iPi + ?i) — (%P2 + 92)] 

= 778 [(0.9 X 797.9 + 309) - (0.731 X 972.9 + 69.8)] 

■ = 191,571 ft.-lb. 

Polytropic law: 

n = 1.059 - 0.000315 X 115 + (0.0706 + 0.000376 X 115) 0.9 
= 1.125. (From Equation 393). 

Vi = xm + <ri = 0.9 X (3.88 - 0.016) + 0.016 
= 3.5 cubic feet. 

PlWi” = P2V2''. 

115 X 3.5' *“ = 1 X 

1)2 = 235.6 cu. ft. 

W = ~ 

n — 1 

144 (115 X 3.5 - 1 X 235.6) 

1.125 - 1 
= 192,268 ft.-lb. 


The value of n which will give the same work during expansion accord- 
ing to the polytropic law as the exact thermal analysis, for the conditions 
specified in the problem, may be determined as follows: 

TI 7 Pivi — PiVi 

W = i — 7 

n — 1 


191,571 = 


144 (115 X 3.5 - 1 X 247.7) 


n - 1 


n = 1.11. 


This value of n is an average only since the true value varies at different 
points along the expansion line. This may be shown. by plotting the true 
adiabatic expansion line on logarithmic cross-section paper. See par. 400. 

Superheated Steam, Isothermal Expansion. — For steam so highly 
superheated that it does not approach the wet state at any point during 
the change of state> n = 1, and the exponential law offers the only simple 
solution for the work done during expansion. This case has been treated 
in par. 390. 

Superheated Steam. Adiabatic Expansion. — The work done during 
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adiabatic expansion may be approximated from the polytropic law by 
making n = 1.3. Goodenough gives the following as more accurate 
than the simple law = constant. 

p (v' + 0.088)^-®^ = constant. (394) 


Example 106. — Steam at 60 lb. per sq. in. absolute pressure and 
initially superheated to 300 deg. fahr. expands to a pressure of 15 lb. 
absolute. Required the final volume and work done according to the 
polytropic law. 

Solution. — From superheated steam tables for pi = 60 and superheat 
of 300 deg. fahr. 

t;i' = 10.41, 

60 (10.41 + 0.088)» ®i = 15 W + 0.088)^-3i, 

= 30.2. 

' Thermal analysis gives = 30. 

^ Pi W + 0.088) + P 2 W + 0-088) 
n — 1 

144 (60 X 10.6 + 15 X ^OA) 

1.31 - 1 

= 83,000 approx. 

Thermal analysis gives W = 78,800. 

The analysis in this chapter is based on the assumption that the fluid 
is in equilibrium at each state. In the steam turbine where the time 
factor is very brief, equilibrium is not necessarily effected, particularly 
with steam initially wet, saturated or slightly superheated. In this case 
supersaturation may occur. For an analysis of this phenomenon, consult: 
Supersaturation and the Flow of Wet Steam. G. A. Goodenough, Power, 
Sept. 27, 1927, p. 466. 



CHAPTER XXIII. — Supplementary 
ELEMENTARY THERMODYNAMICS OF THE STEAM ENGINE 

394. General. — The recent marked improvement in the heat economy 
of the piston engine is largely due to a better understanding of the ther- 
modynamic principles involved in its operation. Once the engine has 
been constructed, no amount of attention or mechanical adjustment will 
appreciably affect the economy since the heat efficiency is primarily a 
function of the design. It is not the object of this chapter to analyze 
the various thermodynamic laws underlying the design and operation of 
the piston engine but rather to show their application to the existing 
types of steam prime movers. In developing an engine with a view of 
bettering the performance, a knowledge of the theoretical limitations of 
the particular type under consideration is necessary. With this limit as 
a guide, the degree of perfection of the actual mechanism is readily ascer- 
tained by comparing test results with those theoretically obtainable. 
Complete conversion of the heat supplied into Useful work is impossible 
for even the perfect or ideal engine; hence some other standard than the 
heat supplied is desirable for comparison. There are several ideal cycles 
which simulate to a certain extent the action of steam in the real engine. 
The more important of these will be treated in detail. 

395. Carnot Cycle. — The Carnot cycle gives the highest possible effi- 
ciency for any type of heat and it would seem to be the most desirable 
cycle for the steam engine; but, as will be shown later, there are practical 
limitations which more than offset the thermodynamic advantage. Never- 
theless a study of this cycle is of importance in showing the absolute 
degree of perfection which can be realized theoretically. 

Notations: 

A ® ^ . p == lb. per sq. in. abs. 

P « lb. per sq. ft. abs. x = quality of 
wet steam. 

s * specific volume of dry steam, cu. ft. 
per lb. 

V * specific volume of vapor, cu. ft. 
per lb. 

a « specific volume of water, cu. ft. 
per lb. 

u » increase in volume during evaporar 
tion, cu. ft. 


t * deg. fahr. above zero. T = deg. 
fahr. abs. 

Cm =* mean specific heat of water. 

C =* mean specific heat of superheated 
steam. 

H = heat content above 32 deg. fahr., 
B.t.u. per lb. 

X = total heat of dry steam, B.t.u. per 
lb. 

r B latent heat of vaporization, B.tu. 
per lb. 

p n internal latent heat, B.t.u. per Ib^ 


966 
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q = heat of liquid, B.t.u.*per lb. 
e = entropy of the liquid. 
n = entropy of the vapor. 

N = total entropy. 

Prime marks indicate superheat. 


Subscripts 1, Wj s indicate, respe<> 
lively, initial condition, final condi- 
tion, wet steam, and superheated 
steam. 


The diagram in Fig. 688 represents the pressure-volume action of an 
ideal steam engine operating in the Carnot cycle.^ For simplicity assume 
the cylinder to be 1 sq. ft. in area, to contain unit weight of water and to 
have a piston displacement equivalent to 1 lb. of saturated steam at the 
existing back pressure. At the beginning of the stroke 0, the non-con- 
ducting cylinder contains water at ten: - 
perature Ti corresponding to pressure 
Pi. Heat is added to the liquid until 
vaporization is complete, the move- 
,ment of the frictionless piston being 
such that the pressure and therefore 
the temperature is constant, that is, 
expansion from 0 to jf is isothermal. 

The source of heat is now removed 
and the piston is forced from 1 to 2 
by the expansion of the steam. Since 
the cylinder is non-conducting and 
there is no reception or " rejection of 
2 is adiabatic. From 2 to 3 heat is abstracted from the steam at such 
a rate that the temperature and hence the pressure remains constant, 
that is, the steam is compressed isothermally. At 3 the heat ab- 
straction is terminated and the mixture of vapor and liquid is compressed 
adiabatically to the initial temperature and pressure Ti, The location of 
point 3 is such that water only at temperature Ti will be present at the 
end of compression. This assumption that there is only water at 0 and 
saturated steam at 1 is not necessary, and any degree of wetness or super- 
heat may be assumed since it in no way affects the efficiency. 

The net work per cycle is represented by the shaded area 0123. 

Area 0123 = area Olfd + area 12gf — area 32ge — area d03e (395) 
Area Olfd = PiVi = Pi (si — cri) = PiWi. See equation (347). 

Since no heat is added during expansion from 1 to 2, the internal work 
is equal to the difference in intrinsic energy. See equation (379), hence: 

Area 12gf = [(pi + qi) - (® 2 P 2 + q^)] ^ . (396) 



Fia. 688. P-V Diagram for Perfect 
Engine Operating in the Carnot 
Cycle. 


heat, the expansion from 1 to 


^ This is really a diagram for the complete power plant, involving engine, boiler, 
condenser, feed pump, etc., and not an indicator card of the cylinder. 
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Area S^ge — P 2 V 3 = P 2 V 2 — P 2 Vi. (397) 

But V 2 = X 2 ti 2 + (T 2 (see equation (310)) 

and Vi = xiU 2 + (72. 

Substituting these values in equation (397) 

Area S2ge = P 2 X 2 ii 2 — PipOiU /2 
= P 2 U 2 (X2 - Xz). 

Since no heat is added during compression from 5 to 0 and there is 
only liquid at 0 the external work done on the steam is equal to the increase 
in intrinsic energy, or 

Area dOSe = [gi — (xsp 2 + Qi)] ^ . 

All of these factors with the exception of X 2 and Xz may be obtained 
directly from the steam tables. X 2 and Xz may be calculated from equation 
(374) or they may be taken directly from the temperature-entropy dia- 
gram. 

From the above data the PV diagram may be readily plotted to scale. 
In order to obtain the true contour of the expansion and compression 
lines, several intermediate points should be calculated and located on the 
diagram. 

The area 0123 when correctly drawn should check with the calculated 
work. Substituting the values of the different areas in equation (395), 
we have 

Net work per cycle = Pm + [(pi + qO — {xzpz + ^ 2 )] ^ ““ P^'^ (^2 — Xz) 
— [qi — (xzf )2 + ^ 2 )] ^ 

= Pm "I" ^ ^ + Xz ^Pm + ^ . (398) 

Heat absorbed in doing work 

= APm + pi - X2 {AP2t(/2 + P 2 ) + Xz {AP2U2 + P 2 ), 

= APm pi — {xz — Xz) {APzUi + P 2 ). (399) 

From equation (325) APm + pi = n and APzUt + pt = ^ 2 . 

Therefore heat absorbed 

« n - r 2 (X 2 - Xz). (400) 

The water rate or steam consumption per hp-hr. of the ideal engbe 
working in this cycle is 
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_ Heat equivalent of 1 hp-hr. 

Heat absorbed per lb. of fluid 

2547 

n - r, (X2 - a^) ■ 

(401) 

(402) 

Efficiency: 

jp _ Heat absorbed 

Heat supplied 

(403) 


_ri - ri(xi - x») 
n 

(404) 

But 

T 

r, (xs — Xa) — see equation (368). 

(406) 

Therefore 

Ta 

„ Ti - Ta 

n = Tx ’ 

(406) 


which is independent of the nature of the working substance and dependent 
only on the range of temperature. 

The shaded area 0123j Fig. 689, represents the 1 -F relationship of Fig. 
688 plotted in the temperature-entropy diagram in which ordinates are 
absolute temperatures and abscissas increase of entropy. This diagram 
is useful in visualizing the thermal changes per stroke or cycle. Line ww 
represents the increase of entropy of the liquid 
above 32 deg. fahr. and ss the increase of entropy 
of the vapor. Both of these lines are readily 
constructed by plotting several values of 6 and 
N as abscissas for corresponding values of T | 
as ordinates. These quantities may be taken | 
directly from steam tables. 0-1 therefore re- | 
presents the isothermal expansion of the fluid 
from water at temperature Ti to dry steam at 
the same temperature. Since the entropy is 
constant for adiabatic expansion, 1-3 represents ^ 

the expansion of the saturated fluid from tern- Diagram; Perfect 

perature Ti to temperature T2. Similarly 3-3 Engine, Carnot Cycle, 
represents isothermal compression at tempera- 
ture T 2 and 3-0 adiabatic compression from temperature T 2 to the initial 
condition. If the various lines are drawn to scale 



Heat supplied above 32 deg. fahr. = area mOln, 

Area nuOln = 0-1 X Ti = riiTi = ri. 


Heat rejected above 32 deg. fahr. = area m33n. 

Area m33n =■ S-3 X Ta « niTz. 
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Heat absorbed = area 0128 = area mOln — area m32n 
= ri - niT2. 

= ri - r2 {X2 - xz). 


Quality at end of expansion X 2 


^ ~ ~ be _ ni + — O2 

ce ce uz 


Quality at beginning of compression Xz 


S ^ aO — he 
ce ce 


Bi - 62 


rh 


For any degree of wetness at the beginning and end of isothermal 
expansion, the point 0 will lie to the right of the intersection of ww and 
Tij and the point 1 will lie to the left of the intersection of ss and Ti. 
The figure 0123j however, will always be a rectangle. 

If isothermal application of heat is continued during admission until 
the fluid is superheated, the point 1 will still lie on the line aOl but to 
the right of the vapor line ss. In order to maintain a constant tempera- 
ture of Ti in the superheated zone, the pressure must be lowered accord- 
ing to the law expressed by equation (308). Since superheat is supplied 
in practice with gradually increasing temperature and not isothermally, 
the Carnot cycle is not a satisfactory 'standard for comparing engines 
using superheated steam and hence this case will not be considered. 


Example 106. — Determine the heat absorbed, water rate and effi- 
ciency of a perfect engine working in the Carnot cycle if the cylinder 
contains only water at the beginning of the cycle and saturated steam 
at cut off. Initial pressure 215 lb. per sq. in. absolute; back pressure, 
2 lb. absolute. Assume one pound of fluid per cycle. 


Solution. — From steam tables: 

Pi = 215, ti = 388, = 2.138, qi = 361.4, n = 837.9, pi = 754, 

Bi = 0.5513, ni = 0.9885, (7i = 0.0185, Ni = 1.5398, 

P 2 = 2, fe = 126.15, 52 == 173.5, q2 = 94, r 2 = 1021, p 2 = 956.7, 

B 2 = 0.1749, 712 = 1.7431, (72 = 0.0162. 


Qualities: 

Xq = zero. 


Xi == unity. 


Nx 

— 

B 2 __ 

1.5398 - 0.1749 

Xi= — 

712 


1.7431 

61 

— 


0.5513 - 0.1749 

x» = — 

712 

= 

1.7431 


= 0.7833. 


= 0.216. 


(See equation (374).) 


Specific volumes: 

Vo = (Ti = 0.0185. 

Si - <ri = 2.138 - 0.0185 = 2.12. 

V 2 — X 2 U 2 + <r 2 = 0.7833 X 173.5 = 135.9. (See note, equation (310).) 

= V 2 — V 4 = 135.9 — 37.53 = 98.37. 

Ui Xitit + 0^2 — 0.216 X 173.5 == 37.53. (See note, equation (310).) 
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Work: 

Admission: PiOi = 144 X 216 X 2.12 
= 65,635 ft-Ib. 

Expansion = j [(pi + gi) - (xjps + gj)] 

= 778 [(754 + 361.4) - (0.7833 X 956.7 + 94)] 

= 211 616 ft-lb. 

Exhaust: PiOz = 144 X 2 X 98.37 
= 28,350 ft-lb. 

Compression = ^ [gi — (X 3 P 2 + gs)] 

778 [361.4 - (0.216 X 956.7 + 94)], 

= 47,302 ft-lb. 

Net work = (65,635 -f- 211,616) - (28,350 + 47,302), 

= 201,599 ft-lb. 

Heat: 

Equivalent of work done = 201,599 -f- 778 = 259.1 B.t.u. 

Supplied = ri = 837.8 B.t.u. 

Efficiency: E, = = 0.309 = 30.9 per cent. 

0£^4A 

Water rate: Wr = = 9.83 lb. per hp-hr. 

Temperature-Entropy Diagram 

Heat equivalent of work done = ni (^Ti — T 2 ) == ni (h — fe) 

= 0.9885 (388 - 126.15) 

= 259.0 B.t.u. 

TTin: • — ^2 261.85 n onn qh n 4- 

Efficiency = — — = — q/q — = 0.309 = 30.9 per cent. 

i 1 o4o 

While it is conceivable to build an engine which will simulate the true 
Carnot cycle it would be practically impossible to do so without intro- 
ducing evils which would more than counterbalance the thermodynamic 
advantage. The compression in the actual engine must not be confused 
with the adiabatic compression of the Carnot cycle, since the cushion 
steam involved in the operation of the former is but a fraction of the 
total fed to the cylinder and has but little influence on the thermodynamic 
action of the engine. 

A modification of the Carnot cycle, known as the regenerative steamr 
engine cycle and having the same efficiency as the Carnot cycle, has been 
simulated by a special type of Nordberg pumping engine. The engine 
is quadruple-expansion with four cylinders, three receivers and five feed- 
water heaters in series a, 6 , c, d, and e. The feedwater is taken from the 
botwell and passed in succession through the various heaters: a receivti 
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its heat from the exhaust steam on its passage to the condenser; b receives 
its heat from the low-pressure cylinder jacket; and c, d, and e, respectively, 
from the third, second, and first receivers. Referring to Fig. 690 , if f-c' 
is drawn parallel to the water line ww the area Olc'c will equal the area of 

the Carnot cycle 0123. The Nordberg 
engine approximates this cycle as in- 
dicated by the broken lines. The ex- 
pansion in the first stage corresponds 
to l-a\, that in the second to 01-02, and 
so on for each of the other stages. Heat 
represented by the area below oi-oi' is 
abstracted from the first stage and is 
used to raise the condition of the water 
from fej' to 61; heat corresponding to 
the area below 0202' is withdrawn from 
the second stage and is used to raise 
the condition of the water from 63 to 62; 
and so on for each stage. Thus heat 
is abstracted by steps from the ex- 
panding steam and is used for progress- 
ively heating the feedwater. The 
greater the number of steps the nearer 
will the actual cycle approach the ideal The famous Nordberg com- 
pressor^ attained 73.7 per cent of the efficiency of the Carnot cycle for 
the same temperature limits, an 
exceptional performance for this 
period. 

396. Banklne Cycle. Complete 
Expansion.^ — This cycle has been 
adopted by the American Society 
of Mechanical Engineers and 
the British Institution of Civil 
Engineers as the standard for 
comparing the performance of all 
steam prime movers. It is of 
value not only in comparing the 



Fig. 690. 


’pintr opy 

Regenerative Steam Engine 
Cycle. 



Working in the Rankine Cycle with Com- 
plete Expansion. 


performances of steam engines with each other but also in comparing 
engines with turbines. In an engine working according to the Rankine 
cycle, steam is admitted at constant pressure, expanded adiabatically to 

^ Eng. News, May 4, 1899, p. 280. 

> This is often called the Clausius cycle since it was published simultaneoualy but 
independently by both Clausius and Rankine. 
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the back pressure, and exhausted at that pressure. The engine has no 
clearance and there are no heat losses from friction, imperfect expansion, 
or otherwise, all the energy taken from the steam being converted into 
work. The diagram 0123, Fig. 691, represents the familiar indicator card 
or pressure-volume diagram of the working fluid operating in this cycle. 
0-1 represents the admission of steam from the boilers at constant pressure 
Pi) 1-2 is an adiabatic expansion to exhaust pressure Pt,) 2-S exhaust 
at constant pressure P 2 ) and 3-0 a practically constant volume pressure 
rise. 

For all conditions of steam: 

Work done during admission = area 01 fd 

Work done during expansion = area 12gf 
Work done during exhaust = area 32gd 

Net work = area Olfd + area 12gf — area 32gd 
= area 0123 


Per pound of wet or saturated steam: 

Work done during admission = Pi (xiUi + ai) ft lb. 

Work done during expansion = — lixipi + qi) — {X 2 P 2 + 5^)] ft-lb. 

Work done during exhaust = P2 + 0^2) ft-lb. 

• 1 

Net work = Pi {xm + cn) + j[{xipi + qi) 

— (X 2 P 2 + 52)] — P 2 (X 2112 + <72) ft-lb. (407) 
= xiTi + qi- {X 2 r 2 + 32)* B.t.u. (408) 
= Hi - H 2 B.t.u. H (409) 


Per pound of steam superheated at admission but wet or saturated 
at end of expansion: 

Work done during admission = 

Work done during expansion = 


PiVi ft-lb. 

Hi — Piv/^ — 2" {x2P2 + q2) ft-lb. 


Work done during exhaust = P2 {X 2 U 2 + <72) ft-lb. 

■*“ ix2P2 + 52 ) J 
— P 2 {X 2 U 2 + (72) ft-lb. 

= Hi - (X2P2 + g2)-^P2(a:2t<2+<72)B.t.U. 
= Hi - (a:2r2 + $2)* B.t.u. (410) 

= Hi' - H 2 B.t.u. (411) 


Net work = PiVi ■“ 


* The quantities P 101 and Pscri are negligible and have been omitted in this equation. 
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Per pound of steam superheated throughout admission and expansion: 
Work done during admission = PiVi ft-lb. 

j m' - P2Vi 

Work done during exhaust = P 2 V 2 ' ft-lb. 

Net work = Pi»,' + j (Ih' - m) - PiVi' + PW 

— P 2 V 2 ft-lb. (412) 

= Hi' - /// B.t.u. (413)* 


Calling Hi and Hn the initial and final heat content for all conditions 
of steam, a general expression for the heat converted into work Hy, is 


II 

1 

(414) 

Heat supplied Ht above exhaust temperature t is 


Hi = Hi ~ 

(415) 

Efficiency Er == — • 

Qn 

(416) 

Steam consumption ,ot water rate, lb. per hp-hr., is 


2547 ^ 2547 

(417) 

% 

H,- EriH. - q„) ■ 


The temperature-entropy diagrams for the conditions discussed above 
are shown in Figs. 692 to 694. For saturated or wet steam it will be 



Work done during expansion = ~ Hi' — PiVi — ( 




Fig. 692. Temperature-entropy Dia- Fig. 693. Temperature-entropy Dia- 
gram; Perfect Engine, Rankine gram; Perfect Engine, Rankine Cycle 
Cycle with Complete Expansion. for Wet Steam at Cut-off. 

Steam Dry at Cut-off. 

noted that the admission line is an isothermal since a constant-pressure 
expansion for saturated steam is also a constant-temperature one. For 
superheated steam, however^ the temperature increases with the degree « 



ELEMENTARY THERMODYNAMICS OF THE STEAM ENGINE 975 


of superheat, the pressure remaining constant, and the relation between 
pressure and volume varies according to the law expressed in equation 
(308), that is, the location of point 1', Fig. 694, is fixed by determining 
the entropy corresponding to pressure Pi and temperature Ti. This 


may be calculated from equation 
(343) or it may be taken directly 
from superheated steam tables. 

A study of equation (416) in con- 
nection with the Mollier diagram will 
show that 

(1) The Rankine cycle when using 
superheated steam has a lower theo- 
retical efficiency than that of the 
same cycle with saturated vapor 
having the same maximum tempera- 
ture. 

(2) The theoretical efficiency in- 
creases but slightly with the increase 
in superheat, the maximum pressure 
remaining constant; see Table 60. 

(3) The theoretical efficiency in- 
creases rapidly with the increase in 



Fig. 694. Temperature-entropy Diagram; 
Perfect Engine, Rankine Cycle for Steam 
Superheated throughout Expansion. 


pressure range; see Table 56. 


The behavior of the actual engine under these conditions is discussed 
in paragraphs 183 and 186. 

A comparison of the Carnot and Rankine cycles shows a lower efficiency 
for the latter for the same operating conditions, as would be expected. 
The water rate for the Carnot cycle, however, is higher. This apparent 
anomaly is due to the fact that the heat supplied per pound of fluid is 
much larger in the Rankine than in the Carnot. Thus less weight of 
steam is used per hp-hr., but each pound receives more heat and this is 
used less efficiently. 


Example 107. — A perfect engine operating in the Rankine cycle with 
complete expansion takes steam at 115 lb. per sq. in. absolute pressure, 
quality 98, and exhausts against a back pressure of 1 lb. absolute. Re- 
quired the condition of the steam at end of expansion, the work done, 
eflSciency, and water rate. 

Solution. — From steam tables: 

Pi = 115, h = 338.1, ri = 879.8, qi = 309, Hi = 1188.8, Bi = 0.4877, 
m = 1.103, 

P2 = 1, fe = 101.8, ra = 1034.6, ga = 69.8, 6% = 0.1327, 

wa = 1.8427, 
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Xt = 


xirii + 01- 
Th 


'(See equation (374),) 


0.98 X 1.103 + 0.4877 - 0.1327 


1.8427 


= 0.779. 


Heat converted into work 


= XiTi + gi - (xjr2 + 9t) 

= 0.98 X 879.8 + 309 - (0.779 X 1034.6 + 69.8) 
= 1171.2 - 875.7 = 295.5 B.t.u. per lb. 

Efficiency = Mi — 

Hi- gt 


Water rate = 


OQp; cj 

il7ll^69 8 "" 
2546 
Hi - H2 


2547 

295.5 


8.62 lb. per hp-hr. 


The initial and final heat content may be taken directly from the Mollier 
diagram; as a matter of fact it is customary in practice to use the diagram 
except when extreme accuracy is necessary or when the given conditions 
are beyond the range of the charts. 

397. Banklne Cycle with Incomplete Expansion. — If expansion after 
cut-off is not carried far enough to reduce the pressure to that of the 

back-pressure line as shown in Fig. 
695, the Rankine cycle more nearly 
simulates the cycle of the actual 
engine. This cutting the toe 
off the diagram decreases the effi- 
ciency, but permits of the use of a 
smaller cylinder. A comparison of 
the diagram in Fig. 691 with that 
in Fig. 695 will show that the area 
012^3' is of the same outline as area 
0123; consequently the work done 
would be that corresponding to com- 
plete expansion to pressure Pc plus 
that represented by area 3' 2' 23. 

If He represents the heat content corresponding to complete expansion 
to pressure Pc the heat equivalent of the work done (area 012^3') is H, 
— He B.t.u. per lb. 

Work corresponding to area S'2'23 « (P« — Pj) Ve ft-lb. per lb. 



Fig. 695. Indicator Card for Perfect En- 
gine Working in the Rankine Cycle with 
Incomplete Expansion. 
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Hence, heat converted into work •= Hi — He + A {Pc — Pt.) Vc 
Heat supplied is the same as for complete expansion = Hi — qt. 


Therefore efficiency E/ = — — 

Hi - Qi 


Water rate W = 


2547 


(418) 

Hi - Hc + A {Pc - P2)vc' 

For wet steam, Vc = XcUc + <Tc = XgSc (tor all practical purposes). 
For dry steam, Vc = Sc ~ 

For superheated steam, Vc = v/ — <Tc. 


The temperature-entropy diagram differs from that for complete ex- 
pansion in the curtailment of lines jf-5' and 3^-3 by constant-volume 
pressure drop 2'-^, Fig. 696. 


' Example 108. — Same data and requirements 
as in preceding example except that release 
occms at a pressure of 4 lb. absolute. 

Solution. — From steam tables: pi and pi as 
in preceding example. 

Pc = 4, r, = 1005.7, Qc = 120.9, Sc = 0.2198, 
ric = 1.6416, 6*2 = 90.5, 

XiTli + ~ 

X = 

ric 

_ 0.98 X 1.103 + 0.4877 - 0.2198 
1.6416 

= 0.822. 

Vc = XcS2 = 0.822 X 90.5 

= 74.4. 

He = XcTc + Qe 

= 0.822 X 1005.7 + 120.9 

= 947.6. 

Hi = 1171.2 (same as in preceding example). 



Fia. 696. Temperature-en- 
tropy Diagram; Perfect 
Engine, Hankine Cycle 
with Incomplete Expan- 
sion. Steam Dry at Cut- 
off. 


Efficiency = ^ 

Hi- qi 

_ 1171.2 - 947.6 + (4 - 1) 74.4 

1171.2 - 69.8 

1171.2 - 947.6 + 41 264.6 

1171.2 - 69.8 1101.4 


= 0.24 = 24 per cent. 


Water rate = 


2547 

264.6 


= 9.62 lb. per hp-hr. 


398. Banklne Cycle with Bectangular PT-Dlagram. — This cycle is 
the least efficient of all vapor cycles in practical use but represents the 
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action of the fluid in direct-acting steam pumps, direct-acting air com- 
pressors and engines taking steam full stroke. It may be looked upon 
as a limiting case of the Rankine cycle. From Fig. 697 it is apparent 
that 


Y 

I . 



Fig. 697 


Work done — A (Pi — P 2 ) v 
• B.t.u. (420) 
For wet steam, v = X\U\ + = XiSi 

(for most pur- 
poses). 

For dry steam, v = Si — ai. 

For superheated steam, v = — ai. 

Heat received is the same as that in the 
Rankine cycle 


= Hi - g.. 


Efficiency = ' 

(421) 

TTr X X 2547 

Water rate = . / « i> \ • 

A {Fi - Es) V 

(422) 


Example 109. — A perfect direct-acting steam pump operating in the 
rectangular PV cycle takes steam at initial pressure 115 lb. per sq. in. 
absolute, quality 98 per cent and exhaust against a back pressure of 15 
lb. absolute. Required the work done per lb. of fluid, efiiciency and 
the water rate. 

Solution. — From steam tables: 

pi = 115, Si = 3.88, Hi = 1188.8, 

P2 = 15, qn = q2 = 181.0. 

Heat converted into work = A (Pi — P 2 ) xiSi 

= m (115 - 15) 0.98 X 3.88 
= 70.4 B.t.u. 

70 4 

Efficiency = ^^ggg approx. =* 7 per cent. 

2547 

Water rate = = 36 lb. per hp-hr. 


399. Conyentlonal Diagram. — In designing an engine it is customary 
to assume as a basis of reference an ideal cycle which considers only the 
kinetic action of the steam in the cylinder. This permits of analysis 
without the use of steam tables. The expansion is assumed to be h 3 q)er- 
bolic because the equilateral hyperbola is r^dily constructed and because 
expansion in the actual engine conforms approximately to the law Ptf^ 
» C (see paragraph 393). According to the 1915 A.S.M.E. Code the 
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ideal engine is assumed to have no clearance and no losses through wire- 
drawing during admission or release. The initial pressure is that of the 
boiler and the back pressure that of the atmosphere for a non-condensing 
engine, and of the condenser for a condensing engine. Such a diagram 
for a simple non-condensing engine is illustrated in Fig. 698. 0-1 repre- 



sents admission at constant pressure Pi, 1-2 represents hyperbolic ex- 
pansion from cut-off 1 to release at 2, smd •2-S represents exhaust at 
atmospheric pressure P 2 . 

The work done is represented by the 

area 0123 = area 01 fd + area 12gf — area 32gd, 
area Olfd = Pi^i, 

area 12gf = PiVi log«- (see paragraph 393), 

Vi 

area 82gd = P 2 V 2 - 
Therefore net work done 

w = - P 2 V 2 , (423) 

letting 

~ = r = ratio of expansion, 

W = PiVi (1 + loge r) - P2V2. (424) 

T^yr i.- ^'^ea 0123 

Mean effective pressure P„ ~ 

V2 . 

= y (1 + loge r) - P 2 . (425) 

As the m.e.p. is generally used in pounds per square inch, dividing 
both members of the equation by 144 gives 



980 


STEAM POWER PLANT ENGINEERING 


in which 


Theoretical maximum horsepower 


pjan 

33,000' 


I « length of stroke, ft., 
a « area of piston, sq. in., 
n «= number of working strokes. 


( 427 ) 


The ratio of the m.e.p. of the actual engine to that of the ideal diagram 
as determined above is called the diagram factor. This factor is deter- 
mined by experiment and ranges as follows (Heat Power Engineering, 
Hirshfeld and Barnard, 1915, p. 325) : 


Simple slide-valve engine 55 to 90 per cent 

Simple Corliss engine 85 to 90 

Compound slide-valve engine 55 to 80 “ “ 

Compound Corliss engine 75 to 85 “ 

Triple-expansion engine 55 to 70 ** 


The probable mean effective pressure for the engine under consider- 
ation is , 

M.e.p. - Pm X diagram factor. (428) 

Example 110. — Determine the probable horsepower of a 12 inch X 
12 inch simple engine, 250 r.p.m., initial pressure 120 lb. per sq. in. abso- 
lute, cut off J stroke, diagram factor 0.75. 

Solution. — Theoretical m.e.p. = (1 + log* 4) ~ 15, 

= 56.53. 

Probable actual m.e.p. = 56.53 X 0.75 = 42.4. 

^ , , , . , 42.4 X 1 X 113 X 500 

Probable i.hp. = 

= 72.4 


400. Logarithmic Diagram. — It is a well-known fact that the equation 
of the polytropic curve Pif* = G becomes a straight line when plotted 
on logarithmic crosS-section paper and the slope of the line is the value 
of n. Conversely, when the expansion ,or compression curve of an in- 
dicator becomes a straight line in the logarithmic diagram it shows that 
the change of state is* in accordance with the law Pv^ = C. The loga- 
rithmic diagram derived from the indicator card is useful in analyzing 
cylinder performance and gives valuable information which cannot be 
readily obtained otherwise. Thus it has been demonstrated^ that the 
logarithmic diagram is of great assistance in 

^ A New Analysis of the Cylinder Performance of Reciprocating Engines. J. Paul 
Clayton, Univ. of 111. Bull. No. 26, VoL 9, May 6, 1912. 
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(1) Approximating clearance volume. 

(2) Locating the stroke positions of cyclic events. 

(3) Detecting leakage. 

(4) Approximating steam consumption. 

Construction of he Logarithmic Diagram* — If the clearance volume is ’ 
given, the construction of the diagram is very simple. Draw the clear- 
ance line OY and the absolute pressure 
line OX on the indicator dia^am 
as illustrated in Fig. 699. Locate 
points Ij 2, 5, etc. on the expansion 
line and tabulate the corresponding 
absolute pressures and volumes. For 
example, the pressure corresponding 
,to point 1 is Pi and its value is the 
length of the line Pi multiplied by 
the scale of the indicator spring. 

Similarly the volume corresponding to point I is Vi and its value is the 
length of the line v\ multiplied by constant m (~ piston displacement 
per stroke in cu. ft. divided by the length of the card I measured in inches). 

Transfer these points to 
logarithmic cross-section 
paper as illustrated in Fig. 
700, using absolute pres- 
sures in lb. per sq. in. as 
ordinates and cu. ft. as 
abscissas. Repeat the oper- 
ation for the compression 
curve and draw a smooth 
line through the various 




The ratio ~ (meas- 


points. 

ured in inches) will be the 
value of n for the expansion 

n for corn- 


line and ^ 


Fig. 700. Indicator Card — Logarithmic Diagram, pression. 

Approximating Clearance 
Volume. — If expansion and compression vary substantially according 
to the law Pif^ = C the clearance volume may be approximated by 
trial and error. All that is necessary is to assume different values of 
clearance and to plot the logarithmic diagram for each assumed value 
tmtil the expansion or compression curve is a straight line. 
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Locating the Stroke Position of Cyclic Events, — Except with a few 
types of four-valve engines it is difficult and oftentimes impossible to 
locate the points of cut-off, release, and compression from the indicator 

diagram. If there is no 
leakage the true points 
may be located on the 
logarithmic diagram by 
noting when the expansion 
and compress’on curves 
become straight; see Fig. 
700. 

Detecting Leakage. — The 
law Pvi^ = C is applicable 
only to cases where the 
weight of steam remains 
practically constant during 
change of state. When the 
2^0 weight changes materially 
as by leakage, the resulting 
expansion and compression 
lines on the logarithmic 
diagram depart from straight lines. This is clearly shown in Fig. 703. 

Approximating Steam Consumption, — According to Clayton (1) there 
is a definite relation 
existing between Xc (qual- 



0.2 0.3 0.1 0.5 0.6 0.70.80.91.0 

Absolute Volume - Cu. Ft. 

Fig. 701. Logarithmic Diagrams — 12 by 24 
Corliss. 


relation is practically in- 
dependent of cylinder size 


other cylinders of the 
same type. (3) By means 
of the experimentally de- 
termined relations of Xc 
and n, the value of Xc 
may be approximated 
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Fio. 702. 


Value of n from Expansion Curve 
Relation of Quality and the Value of n. 


from the average value of n obtained from the expansion curves of one 
set of indicator diagrams taken simultaneously; therefore the actual 
weight of steam present in one revolution may be approximated. 
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(4) The actual steam consumption may be obtained by this method 
from the indicator diagram to within an average of 4 per cent of 
test measurements. These statements apply strictly to non-jacketed 
steam cylinders in good 
condition, exhausting at 
or near atmospheric pres- 
sure. In applying this 
method it is only neces- 
sary to determine n as 
previously outlined and 
find from the curve in 
Fig. 702 the correspond- 
ing value of Xc» When 
the quality of steam at 
cut-off is known, the 
weight of fluid per stroke 
can be readily calculated. 

It will be noted that the 
curve in Fig. 702 is only 
an average approximation 
and that there is a con- 
siderable range in the 
values of Xc for a given value of n. By separating the points into 
groups of similar pressures and speeds, several lines coordinating n and 
Xc may be obtained and a greater accuracy is possible. For a complete 
discussion of this important subject consult Clayton^s paper. 

401. Temperature-Entropy Diagram. — If the actual indicator card is 
transferred to the temperature-entropy chart the various heat exchanges 

during expansion and compression 
may be seen at a glance. The 
area represented by the actual 
diagram, however, does not give 
the heat utilized in doing work, 
since the weight of steam is not 
constant throughout the cycle. 
From cut-off to release the weight 
is constant if there is no leakage, 
as is the case from beginning of 
compression to admission, but the weights involved in each case are 
not the same. Therefore, only the expansion line shows the true 
behavior of all the steam used per cycle and the rest of the diagram 
is more or less conventional. The transfer of the pressure-volume 


0.2 0.3 0.1 ' 5 

Absolute Volume ^Cu. Ft. 

Fig. 703. Diagram from a 14-in. by 35-m. Corliss 
Engine, Showing Leakage a|} Beginning and End 
of Expansion and Compression. 


L. .A 

a 1 — 




kj 

n_l 




Fig. 704. 
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to the temperature-entropy diagram is best illustrated by a specific 
example. 


Example 111. — Curve 012Sy Fig. 704, is an average indicator card 
taken from a 12 X 12 engine running at 300 r.p.m.; clearance volume 
10 per cent; steam consumption by tests 2700 lb. per hr. Transfer the 
indicator card to temperature-entropy chart. 

Solution. — Locate the zero clearance line OY and zero pressure lines 
OXy and measure the diagram as indicated. The piston displacement per 

. , 3.14 X 12^ . 

stroke = ^ v; . = 0.785 cu. ft. 

144 X 4 

/I 2 -I- 0 4\ 

Compression volume = 0.785 — -j = 0.314 cu. ft. 

Weight of cushion steam ’’ on the assumption that the steam is dry 
at the beginning of compression 

= 0.314 X 0.0498 = 0.0156 lb. 


(0.0498 = wt. of 1 cu. ft. of steam at 20 lb. abs. pressure.) 
Weight of steam used per stroke or “ cylinder feed ” 


2700 

600 X 60 


= 0.075 lb. 


Total weight of steam expanding = 0.075 + 0.0156 = 0.09 lb. 

Lay off saturation line mm. This line represents the volume of 0.09 
lb. of saturated steam for the various pressures within the range of the 
diagram. 

Draw several pressure lines such as abc and tabulate the ratio — • This 

ac 


ratio gives the quality of the steam at point h in the expansion curve 

~ ~ ^ represents quality only during expansion 

after cut-off and that it is simply a ratio for other parts of the cycle. 

Tabulate also the absolute temperature cor- 
' f ? responding to the pressure xmder consideration. 

— si Next construct the water and saturation 

I ' curves ww and respectively, as illustrated 

A ' ! N conveniently 

.ylj by using absolute temperatures and entropies 

/ ‘of water and vapor given in steam tables, 

-rf . . the entropies being multiplied by 0.09. Locate 

j point V on the corresponding temperature line 

1 in such a position that rates ^ = — obtained 

I ^ a'c ac 

q I t i ^ from the indicator card. The locus of the 

Fia706. desired diagram. The 

thermal action during actual expansion is 
apparent from the diagram; thus it will be seen by inspection that the 
steam Is wet at cut-off, that condensation takes place from 1 to S' 
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more rapidly than if expansion were adiabatic, and that reevaporation 
takes place from b' to 

The foregoing analysis applies only to saturated or wet steam. In 
case of superheat the actual expansion will lie beyond the saturation 

curve as illustrated in Fig. 706 and the ratio — = - will not give the 

ttC s 

quality. To find the temperature corresponding to multiply s, the 
specific volume of one pound of saturated steam at pressure P, by the 

ratio — as measured from the diagram. Prom superheated steam tables 
or by means of equation (311) determine the temperature corresponding 
to volume s X j and pressure P. To transfer the point b to the tempera- 
ture-entropy diagram draw the temperature line T" corresponding to that 
just determined and locate point 6' 
on this line such that cb' = total 
entropy for pressure P and tempera- 
tiue T\ The total entropy may be 
taken from superheated steam tables 


/ 


Fia. 706. Fig. 707. 




or it may be calculated from equation (342). For the problem under 
consideration the entropy thus obtained must be multiplied by 0.09, the 
weight of fluid expanding per cycle. The locus of the point 6' will be the 
desired diagram. 

402. Steam Accounted for hy Indicator Diagrams at Points near Cut- 
off and Release. — The steam accounted for, expressed in pounds per 
i.hp. per hour, may readily be found by using the equation 

[(C + E)W,-iH + E) Wh], (429) 


in which 

m.e.p. = mean effective pressure, 

C = proportion of direct stroke completed at points on expansion 
line near cut-off or release, 

E = proportion of clearance, 
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H » proportion of return stroke uncompleted at point on com- 
pression line just after exhaust closure. 

Wt = weight of 1 cu. ft. steam at pressme shown at cut-off or re- 
lease point, 

Wh — weight of 1 cu. ft. steam at pressiue shown at compression 
point. 



Oomp BMtfoa 


Fig. 708. Points where ** Steam Ac- 
counted for by Indicator” is Com- 
puted. 


The points near cut-off, release and compression referred to are in- 
dicated in Fig. 708. 

In multiple expansion engines the mean effective pressure to be used 
in the above formula is the aggregate m.e.p. referred to the cylinder 
under consideration. In a compound engine the aggregate m.e.p. for 
the h-p. cylinder is the sum of the actual m.e.p. of the h-p. cylinder and 
that of the 1-p. cylinder multiplied by the cylinder ratio. Likewise the 

aggregate m.e.p. for the 1-p. cylinder 
is the sum of the actual m.e.p. of 
the 1-p. cylinder and the m.e.p. of the 
h-p. cylinder divided by the cylinder 
ratio. 

The relation between the weight of 
steam shown by the indicator at 
any point in the expansion line and 
the weight of the mixture of steam 
and water in the cylinder may be 
represented graphically by plotting on the diagram a saturated steam 
curve showing the total consumption per stroke (including steam retained 
at compression) and comparing the abscissas of the curve with the 
abscissas of the expansion line, both measured from the line of no 
clearance. 

403. Reheating Cycle. — This cycle has been 
employed for years in compound engines in which a 
reheater-receiver is placed between the high- and 
low-pressure cylinders. In some of the new tur- 
bine projects it is proposed to superheat the 
exhaust from the high-pressure unit in an auxiliary 
superheater placed inside the boiler before dis- 
charging it into the low-pressure element. The ideal 
temperature-entropy diagram for single-stage reheat- 
ing is shown in Fig. 709. The portion of the curve 
012S is the same as for the Rankine cycle. From S the steam expands 
adiabatically to 4- At 4 it is reheated at constant pressure to some 
point S, after which a second adiabatic expansion takes place from 6 to 



Fig. 709. Single-stage 
Reheating Cycle. 
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6. From 6 to 0 condensation of exhaust takes place at constant pressure 
just as in the Rankine cycle. The work done by a pound of steam in 
expanding to the reheating point 4 is 3 — and in expanding from 
5 to ^ is His — Hq; the initial heat supplied is Hz — and that during 
the process of reheating from 4 to 5, ffj — H^. Total work done = Hz 
- Ha + Hjs— Hz] total heat supplied = JETs — ffo + ffs — - 0 ^ 4 , hence 


in which 


Hz - Ha + Hz - Hz 
Hz Ha 4 “ Hz — Qo 


(429a) ^ 


H = heat content of the steam and q = heat content of the liquid 
B.t.u. per lb. above 32 deg. fahr. for the state indicated by the 
subscript. 


' Example 112. — Calculate the efficiency of an ideal two-cylinder tur- 
bine, initial absolute pressure 600 lb. gage, initial temperature 750 deg. 
fahr., vacuum 1 in. abs., if the steam is exhausted from the high-pressure 
element at 185 lb. abs. pressure and is reheated to 750 deg. fahr. before 
passing into the low-pressure cylinder. 

Solution. — From steam tables Hz at 600 lb. and 750 deg. fahr. == 1378.7. 
From the Mollier diagram or by calculation, 7 / 4 , the heat content after 
adiabatic expansion from initial condition to 185 lb. pressure, is found 
to be 1247.6. From steam tables, Hz, heat content at 185 lb. pressure 
and 750 dog. temp., is 1401.1. From the Mollier diagram or by calcula- 
tion, Hz, the heat content after adiabatic expansion from 185 lb. pressure 
and 750 deg. temp, to a back pressure of 1 in. of mercury is found to be 
941.5. From steam tables, qa, corresponding to 1 in. of mercury, is 47. 
Substituting these values in equation (429a) and solving 


, _ 1737.8 ~ 1247.6 + 1401.1 - 941.5 
1737.8 - 1247.6 + 1401.1 - 47 


0.398 or 39.8 per cent. 


Figure 710 gives the temperature-entropy 
diagram for the two-stage reheating cycle. 

A glance at the curves in Fig. 328 will 
show that there is an appreciable gain in 
the efficiency of the two-stage cycle over the 
one-stage, but beyond two stages very little 
gain may be effected. 

Reheating in Central StaJbiom: Wohlenberg, Trans, ^^0 Two-stage Reheat 
A.S.M.E., Vol. 45, 1923. * ing Cycle. 

High Pressure Reheating and Regenerating for Steam 
Power Plants: Hirshfeld and EUenwood, Trans. A.S.M.E., Vol. 45, 1923. 

The Benson super-pressure plant, while operating in the reheating 
cycle, differs from the conventional reheating plant in that steam is gene** 
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ated at the critical point (pressure 3200 lb. abs., temperature 706 deg. 
fahr.), throttled to 1500 lb. abs., reheated to a temperature of about 
788 deg. fahr., and then passed through a high-pressure turbine exhausting 
at 200-lb. pressure. The exhaust is next reheated to about 662 deg. fahr. 
and then expanded in a standard turbine and condenser to a back pres- 
sure of 1-in. abs. The throttling process involves no heat loss and per- 
mits steam to be generated without boiling. This permits the use of small 
» tubes without steam drums or chambers. The maximum thermal effi- 
ciency of a unit operating under the conditions specified above is about 
42.5 per cent, assuming the values for the properties of steam as given 
in Marks and Davis’ Steam Tables. Calculations for efficiency are the 
same as in the single-stage reheating cycle, equation (429a). 

The Benson Super-pressure Plant: Power, May 22, 1923, p. 796; May 29, 1923, p. 842. 

404. Begenerattre Cycles. — In these cycles the condensate from the 
prime mover is passed through a series of feedwater heaters, the heating 
medium in which is steam bled from different pressure stages of the tur- 
bine or engine. With an infinite number of heaters the feedwater could 
be brought up to boiler temperature and the efficiency would be that of 
the Carnot cycle, as shown in paragraph 395. This is true only for satu- 
rated steam, since with superheated steam the 
maximum theoretical temperature of the con- 
densate can never exceed that of saturated 
steam corresponding to steam at initial or 
throttle conditions and therefore the efficiency 
will be less than that of the Carnot cycle. 

Figiu’e 711 shows the temperature-entropy 
diagram of an ideal regenerative cycle with 
infinite number of stages in which the maximum 
temperature of the feedwater is taken as that 
of the liquid at a pressure, corresponding to the 
point in the expansion line where saturation begins, 
or in other words where superheat disappears. In this particular cycle, 
therefore, no superheated steam is bled. The line 01^34 is the same as in 
the conventional Rankine cycle. Point 4 is the saturation point in the 
expansion line and represents the initial bleeding point. If the steam bled 
and that remaining in’ the turbine are mixed together the line 4^ repre- 
sents the condition of the mixture in passing from point 4 to the condenser. 
The line 50 represents the rejection of heat to the condenser. The line 4^ 
is drawn parallel to 08 since the heat absorbed by the condensate a08b is 
equal to that absorbed from the bled steam c54d. The heat converted to 
work is represented by the area 012S45 » area a0128d — area a084d + 



Fig, 711. Regenerative 
Cycle. 
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area 7846 (= area 0846), orffs — H 4 + (T^ — To) (Ns — ^ 4 ), which reduces 
to Hi — qs — To (Ns — 6s), The net heat supplied = area h7812S45c = 
Hz — ^8. Therefore the efficiency of the cycle is 


in which 


Eff. 


gs ~~ To (Ns ~ fe) 
Hs — gs 


(4296) 


H = heat content of the steam, g = heat content of the liquid, 
T = absolute temperature, N = total entropy, and 6 = entropy 
of the liquid for the state indicated by the subscript. 


Example 113. — Calculate the thermal efficiency of a turbine working 
in the ideal regenerative cycle described above, if the conditions are as 
follows: Initial pressure, 6(X) lb. abs.; initial temperature, 750 deg. fahr.; 
back pressure, 1 in. mercury abs. 

' Solution. — From steam tables, Hz at 600 lb. abs. and 750 deg. fahr. 
== 1378.7 B.t.u. per lb.; Ha, the heat content after expanding adiabatic- 
ally from 3 to 4) is found from the Mollier diagram or by calculation 
to be 1187.3, corresponding to a pressure of 94 lb. abs. From steam 
tables, Ta = 323.3 + 460 = 783.3; To = 79 + 460 = 539; Ns at 600 lbs. 
and 750 deg. fahr. = 1.6094; ds at 94 lb. abs. = 0.4677; gs = 293.3; 
go = 47. 


Substituting these values in equation (4296), and reducing, we have 


Eff. = 


1378.7 ~ 293.3 - 539 (1.6094 - 0.4677) 
1378.7 - 293.3 


0.433, 


or 43.3 per cent. 


It is impractical, from a constructive and operative standpoint, to have 
more than, say, three or four bleeding stages; therefore, the ideal cycle 
previously analyzed is of purely 
academic value. It is a com- 
paratively simple matter to 
establish an ideal regenerative 
cycle for one or more stages 
which can be closely paralleled 
in practice. The efficiency of 
a three-stage cycle is readily 

calculated as follows: Fig. 712. Three-stage Extraction. 



Let Hi = heat content at throttle conditions, B.t.u. per lb. 

Hz, Hs, Ha — heat content at extraction points, after adiabatic ex- 
pansion from throttle conditions, B.t.u. per lb. 

Hn * heat content of steam entering condenser, after adia- 
batic expansion from throttle conditions, B.t.u. per lb. 
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Wi = weight of throttle steam, lb. per hr. 

Wi, w>, Wt = weight of condensate entering heaters, lb. per hr. 
cs, e», Cl = ratio of weight of steam bled to throttle flow. 

?•> = lieat of liquid at bleeder pressure, B.t.u. per lb. 

q, = heat of liquid leaving main condenser, B.t.u. per lb. 
Then, wj = (1 — et) wi. 

CjlOi (Hi — Qd) = Wi {Qc - Qh). 

Whence es = (qc - 5i) -5- (/fs — gj). 

Similarly it may be shown that 

es = (1 - Ci) (gj - Qa) -e- (Hi - gj. 

64 = (1 - cs - ea) (g« - g«) -f- (Ht - g«). 

The work done by the steam in passing through the turbine is 

W Hi - Hi + (1- Ci) (Hi - Hi) + (1 - ea - e,) (Hi - Hi) 

+ (1 — Cj — 63 — 64) (Hi — Hn) 

= Hi- Hn-Ci (Hi - Hn) - 63 (Hi - Hn) - 64 (Hi - Hn). 

And the efficiency is 

E = W ^ (Hi- gj. (429c) 

This ideal efficiency cannot be realized in the actual bleeder turbine 
because of the turbine and generator losses, and the pressure drops and 
heat losses in the heaters. 

Any number of stages may be analyzed in a similar manner. 

Example 116. — Calculate the efficiency of a 3-stage bleeder turbine 
working in the ideal regenerative cycle if the conditions are as follows: 
Initial pressure 600 lb. abs., initial temperature 750 deg. fahr., condenser 
pressure 1 in. mercury abs. Steam bled at the 90 lb., 25 lb. and 5 lb. abs. 
stage. 

Solution. — From steam tables and the Mollier diagram we find: Hi = 
1378.7, Hi = 1186, Hi = 1089, Hi = 987, Hn = 866; g„ = 47, g, = 290.5, 
gj = 208.4, g. = 130.1. 

Then ej = (290.5 - 208.4) ^ (1186 - 208.4) = 0.084. 

63 = (1 - 0.084) (208.4 - 130.1) (10.89 - 130.1) 

= 0.077. 

64 = (1 - 0.084 - 0.077) (130.1 - 47) ^ (987 - 47) 

= 0.078. 

Efficiency = [1378.7 - 866 - 0.084 (1186 - 866) 

- 0.077(1089 - 866) - 0.078 (987 - 866)] 

+ (1378.7 - 290.6) = 0.421. 
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This ideal efficiency cannot be realized in the actual three-bleeder 
stage turbine because of the turbine and generator losses, and the pres- 
sure drops and heat losses in the heaters. 

A Study of Steam Power PlarU Cycles: Hirshteld and Ellen wood, Power Plant Engrg., 
Dec. 15, 1923, p. 1244; Trans. A.S.M.E., Vol. 45, 1923. 

Economic Characteristics of Stage F eedwater Heating by Extraction: Brown and Drcwry, 
Mech. Engrg., Mar., 1924, p. 118; Trans. A.S.M.E., Vol. 45, 1923. 

Feedwater Heating for High Thermal Efficiency: Helander, Trans. A.S.M.E., Vol, 
44, 1923, p. 1055. 

The Commercial Economy of High Pressure and High Superheat in the Central Station: 
Orrok, Trans. A.S.M.E., Vol 44, 1922, p. 1119 

T'he Increase in Thermal Efficiency Due to Resuperheating in Steam Turbines: Blowney 
and Warren, Trans. A.S.M.E., Vol. 46, 1924. 

405. Combined Reheater-Begenerattre Cycle. — In some of the latest 
turbine projects it is proposed to use multi-cylinder turbines with reheating 
between cylinders and bleeding in the low-pressure cylinder. The thermal 
efficiency may be calculated by taking each step in the cycle and analyzing 
as outlined above. 

The 50,000-kw. Parson turbine at the Crawford Avenue Station of the 
Commonwealth Edison Co., Chicago, 111., is a notable example of the com- 
bined reheater-regenerative cycle. The turbine is a 3-cylinder unit and 
operates as follows: steam is generated at 600 lb. gage pressure, tempera- 
ture 750 deg. fahr. and is supplied to the high pressure unit at a pressure 
of 550 lb. gage. It leaves the high-pressure cylinder at a pressure of 100 
lb. gage and is reheated to 700 deg. fahr. before entering the intermediate 
cylinder. After leaving the latter at a pressure of 2 lb. gage, it enters the 
low-pressure cylinder and is exhausted into the condenser at a vacuum of 
29.25 in. of Hg. About 22 per cent of the total heat entering the turbine 
is extracted at three points and raises the temperature of the feedwater 
from 65 to 315 deg. fahr. A heat consumption of 10,265 B.t.u. per kw-hr. 
is expected, (corresponding to a thermal eflSciency (steam to electricity) of 
33.2 per cent. 

The Mercxmj-Steam Cycle: Power, July 6, 1926, p. 8; May 31, 1927, p. 818. Power 
Plant Engrg., Jan. 15, 1924, p. 136. 

DiphenyWxide Bi-Fluid Power Plant: Power, Aug. 3, 1926, p. 184. 

Power Station Betterment: N.E.L.A. Publication 278-101, Sept., 1928. 



CHAPTER XXIV. — - Supplementaby 
PROPERTIES OF AIR. — DRY, SATURATED, AND PARTIALLY SATURATED 


406. General. — Tables and charts giving the simultaneous physical 
and thermal properties of dry and saturated air for various temperatures 
are of great assistance in solving problems relative to the design and 
performance of evaporative surface condensers, water-cooling apparatus 
and air-conditioning devices. Table 138 gives the properties of dry and 
saturated air for various temperatures ranging from 0 to 212 deg. fahr. 
and Figs. 713 and 714 give a complete psychrometric chart for all con- 
ditions of dry, saturated, and partially saturated air within a temperature 
range of 20 to 350 deg. fahr. These charts are extremely useful in avoid- 
ing laborious calculations. 

407. Dry Air. — The physical and thermal properties of dry air as used 
in these tables and charts are based on the following laws established by 
the latest experiments with gases and vapors: 


= constant = 0.754, (430) 

a 

Cpa = 0.2411 + 0.0000045 {h + fe), (431) 

Ha =^Cpa{k- ti\ (432) 


in which 

Pa = absolute pressure of the dry air, in. of mercury, 

Va = volume of 1 lb. of dry air, cu. ft., 

Ta = absolute temperature of the air, deg. fahr., 

Cpa = mean specific heat of air at constant pressure between tempera- 
tures h and fe, 

Ha = heat content, B.t.u. per lb. of air above temperature fi, 
t\ = initial temperature, deg. fahr., 
h = final temperature, deg. fahr. 

A sample calculation of the properties of dry air as listed in Table 
138 is given in Example 116. 

% 

Example 116. — Required the specific volume and density of dry air 
at 100 deg. fahr. under standard atmospheric pressure (= 29.92 in.). 
Required mso the heat content per lb. above 0 d^. fahr. 

. 992 
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TABLE 138. 

PROPERTIES OF SATURATED AIR. (Barometer 29.021.) 


Mixture of Air Saturated witbf Water Vapor. 


Tempera- 
ture. De- 
grees 
Fahr. 

Weight of 
1000 Cu. Ft. 
of Dry Air, 
Pounds. 

Volume of 
One Lb. of 
Dry Air, 
Cu. Ft. 

Elastic 
Force of 
Vapor, In. 
of Mer- 
cury.* 

Elastic Force 
of the Dry Air 
in^ho Mixture, 
In. of Mer- 
cury. 

Weight of 1000 Cu. Ft., Lb. 

Weight of 
the Dry 
Air, (Con- 
tent. 

Weight of 
the Vapor, 
Content.* 

Total 
Weight of 
the Mix- 
ture. 

1 

2 

3 

4 

5 

6 

7 

8 

0 

86.35 

11.68 


29.88 

86.23 

0.067 

86.30 

10 

84.53 

11.83 


29.85 

84.31 

0.110 

84.42 

20 

82.71 


0.103 

29 81 

82.44 

0.177 

82.62 

30 


12.34 

0.165 

29.76 

80.62 

0.278 

80.90 

32 


12.39 

0.181 

29.74 

80.24 

0.303 

80.54 

35 


12.47 


29 72 

79.70 

0.340 

80.04 

40 

79.43 

12 59 

0.248 


78.77 

0.410 

79.18 

45 

78 61 

12 72 


29.62 

77.86 

0.492 

78.35 

50 

77.88 

12 84 

, 0.362 

29 56 

76.94 

0.588 

77.53 

65 


12 97 

' 0.436 

29.48 

75.98 

0.699 

76.68 

60 

76.33 


0 521 


75.05 

0.823 

75.88 

62 


13.15 


29 36 

74 66 

0 887 

75.54 

65 

76 64 

13.22 

0 622 


7. 08 

0.979 

75.06 

70 

74 91 

13 35 

0.739 

29.18 

73.08 

1.153 

74.23 

72 

74.63 



29.13 

72.68 

1.229 

73.90 

‘75 

74.24 

13.48 



72.08 

1.352 

73.42 

80 

73.53 


Wa^ 

28 89 

71.01 

1.580 

72.59 

85 

72 83 

13 73 

1.212 

28.71 

69.92 

1 841 

71.76 

90 

72.15 

13.86 

1 421 


68.78 

2.137 

70.92 

95 

71.53 

13.98 

1.659 

28.26 

67.59 

2.474 

70.06 



14.11 

1.931 

27 99 

66.34 

2.855 

69.19 



14.24 

2.241 

27 69 

65.05 

3.285 

68.33 

no 

69.64 

14.36 

2 594 

27.33 

63.64 

3.769 

67.41 

115 


14.49 

2 993 

26.93 

62.16 

4.312 

66.47 

120 


14 62 

3.444 

26 48 

60.60 

4.920 

65.52 

125 

67.80 

14.75 

3.952 

25.97 

58.92 

5.599 

64.52, 

130 


14.88 

4 523 


57.14 

6.356 

63.50 

ns 

66.67 


5.163 

24.76 

55.23 

7.187 

62.43 

140 

Km 

15 13 

5 878 


53.18 

8.130 

61.31 

145 

65.53 

15.26 

6.677 

23.25 

51.01 

9.160 

60.17 

160 

64 98 

15.39 

7.566 

22.35 

48.63 

10.30 

58.93 

165 

64.43 

15.52 

8.554 

21.37 

46.12 

11.56 

57.68 

160 

63.94 

15 64 

9.649 


43.39 

12.94 

56.33 

165 

63.41 

15 77 

10.86 


40.47 

14.45 

54.92 

170 

62.89 


12.20 

17 72 

37.33 

16.11 

53.44 

175 



13.67 

16.25 

33.96 

17.93 

51.89 

180 

61.88 

16 16 

15 29 

14.63 

30.34 

19.61 

50.25 

185 

61.42 

16.28 

17.07 

12.85 

26.44 

22.06 

48.50 

190 


16.41 

19.01 


22.26 

24.41 

46.67 

195 



21.14 

8.78 

17.17 

26.96 

44.13 


59.98 

16.67 

23.46 

6.46 

12.97 

29.72 

42.69 


59.74 

16.74 

26.00 

3 92 

7.82 

32.71 

40.53 

210 

60.31 

16.86 

28.75 

1.17 

2.30 

35.94 

38.24 

212 


16.92 

29.92 

1 

0 

0 

37.32 

37.32 


* Qoodenough. 
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TABLE 138. — Continued 


Tempera- 
ture, De- 
grees Fahr. 

Weight of 
Water Neces- 
sary to Satu- 
rate 100 Lb. of 
Dry Air. 



Volume of One 
Pound of Dry Air 
+ Vapor to Satu- 
rate it. Cubic Feet. 

Heat Content 
per Pound of 
Dry Air, B.t.u. 

Latent Heat of 
Vapor in One 
Lb. of Dry Air 
Saturated with 
Vapor, B.t.u. 

Heat Content of 
One Lb. of Dry 
Air Saturated with 
Vapor, B.t.u. 

0 

■■ 

11.59 

0.000 

0.964 

0.964 

10 


11.86 

2.411 

1.608 

4.019 

20 


12.13 

4.823 

2.623 

7.446 

30 


12.41 

7.234 

4.195 

11.429 

32 


12.47 

7.716 

4.058 

11.783 

35 


12 55 

8.44 

4.57 

13.02 

40 


12 70 

9 65 

5.56 

15.21 

45 


12.85 

10 86 

6 73 

17.59 

60. 


13.00 

12 07 

8.12 

20.19 

55 


13.16 

13 28 

9.76 

23.04 

60 

1.105 

13.33 

14.48 

11.69 

26 18 

62 

1.188 

13,40 

14.97 

• 12 12 

26.84 

65 

1.323 

13.50 

15.69 

13 96 

29.65 

70 

1 578 

13.69 

16 90 

16.61 

33.51 

72 

1.692 

13.76 

17.38 

17.79 

35.17 

75 

1.877 

13.88 

18.11 

19 71 

37.81 

80 

2.226 

14.09 

19 32 

23.31 

42.64 

85 

2.634 

14 31 

20 53 

27.51 

48.04 

90 


14.55 

21.74 

32.39 

54.13 

95 

3.662 

14.80 

22.95 

38.06 

61.01 

100 


15.08 

24.16 

44.63 

68 79 

105 


15.39 

25 37 

52.26 

77.63 

no 

5.93 

15.73 

26.58 

61 11 

87.69 

115 

6 94 

16 10 

27.79 

71.40 

99.10 

120 

8 13 

16.52 

29 00 

83.37 

112.37 

125 

9.53 

16.99 

30.21 

97.33 

127.54 

130 

11.14 

17,53 

31.42 

113 64 

145.06 

135 


18.13 

32.63 

132 71 

165.34 

140 

15.32 

18.84 

33 85 

155 37 

189 22 

145 


19.64 

35 06 

182.05 

217.10 

150 

21.22 

20.60 

36.27 

214.03 

250.30 

155 

25.11 

21.73 

37.48 

252.61 

290.10 

160 

29 87 

23.09 

38.69 

299.55 

338.20 

165 

35.77 

24.75 

39.91 

357.75 

397.70 

170 

43.24 

26.84 

41.12 

431.20 

472.30 

175 

52.90 

29.51 

42.33 

526.0 

568.30 

180 

65.77 

33.04 

43.55 

651.9 

695.50 

185 

83.59 

37.89 

44.76 

826.1 

870.90 

190 


45.00 

45.97 



195 


56.20 

47.20 



■■ 


77.24 

48.40 



205 


49.62 



210 



50.83 



212 



51.39 
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Solution. — From equation (430), 


100 + 459.6 

Va = 14.11 cu. ft. per lb. 
1 

Density = = 0.071 lb. per cu. ft. 


From equation (431), 

Cpa = 0.2411 + 0.0000045 (0 + 100) = 0.2416, 
and from equation (432), 

Ha = 0.2416 (100 — 0) = 24.16 B.t.u. per lb. 


408. Saturated Air. — Water, if placed in a vacuum chamber, will 
evaporate until the pressure in the chamber has reached that of vapor 
corresponding to the temperature of the water. If the water is intro- 
duced into a chamber containing dry air the evaporation will proceed 
precisely the same as in the vacuum until the pressure has risen by an 
amount corresponding to the vapor pressure for the temperature. In 
this case, according to Dalton’s law (paragraph 216) each substance 
will exert the pressure it would If alone occupying the volume, and the 
final pressure will be the sum of that of the vapor and that of the air. 
Air is said to be saturated with moisture when it contains the saturated 
vapor of water. It might be better to say that the space is saturated 
since the presence of air has no effect on the vapor (the temperatures 
being the same) other than that the air retards the diffusion of water 
particles. Perfectly dry air does not exist in nature since evaporation 
of water from the earth’s surface causes the atmosphere to be more or 
less diluted with vapor. 

The weight of saturated water vapor per cubic foot depends only on 
the temperature and not on the presence of air. 

The various properties for air completely saturated with water vapor 
may be calculated by means of equations (430) to (432), and Dalton’s 
law, which may be expressed 

Pa + Pv^ P, (433) 

in which 

Pa = absolute pressure of the dry air in the mixture, in. of mercury, 

P, = absolute pressure of saturated steam at the temperature of the 
mixture, in., 

P = total pressure, which for atmospheric conditions = 29.921. 
Therefore, 


Pa^P-P^ 


(434) 
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P, may be taken directly from steam tables. 
From equation (430), 


V = 


F.= 


0.754 Ta 
P- P, ’ 


( 435 ) 


in which 

V, = volume of 1 lb. of dry air (plus vapor to saturate) at pressure 
Pa and absolute temperature Ta, 

V = volume of vapor in 1 lb. of dry air when saturated, cu. ft. 

Evidently Wa — , 

y a 

in which 

Wa = weight of dry air in 1 cu. ft. of saturated mixture. 

The weight, Wvf of vapor in 1 cu. ft. of saturated mixture is the density 
of saturated vapor at pressure Pp and temperature Ta. This may be 
taken directly from steam tables. 

Total weight of mixture per cu. ft. = Wa + Wp. 

The weight, Wp\ of vapor necessary to saturate 1 lb. of dry air, 

Wp = Vwp = VaWp. (436) 

Heat content H', or total heat in a mixture of 1 lb. of dry air satu- 
rated with water vapor, measured above 0 deg. fahr., and not including 
the heat of liquid, is 

= Cpjta + rpWp\ (437) 

in which 

ta = temperature of the mixture, deg. fahr., 

Tp = latent heat of saturated vapor at temperature ta and pressure Pp. 

An application of these formulas to the calculation of the various 
quantities in Table 138 for a temperature of 100 deg. fahr. is given in 
Example 117. 

Example 117. — Required the following properties of atmospheric air 
completely saturated with water vapor when the temperature of the 
mixture is 100 deg. fahr.: Elastic force or pressure of the vapor and of 
tiie diy air in the mixture, volume of 1 lb. of dry air plus vapor to saturate 
it, weight of dry air and vapor in 1000 cu. ft. of mixture, weight of water 
necessary to saturate 100 lb. of dry air, latent heat of the vapor content 
of 1 lb. of mixture and the heat content of 1 lb. of dry air saturated with 
vapor. 
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Solutioa. — Pressure of vapor in the mixture: 

P, = 1.931 in. (from steam tables). 
Pressure of dry air in the mixture: 


P = P — P 

‘ = 29.921 - 1.931 = 27.99 in. 


Voliune of 1 lb. of dry air saturated with vapor: 
_ 0.754 2’, 

“ P - P. 


0.754 (100 4- 459 0) 

29.921 - 1.931 

Weight of dry air in 1000 cu. ft. of saturated mixture: 


— jg Qg =* 0.06634 lb. per cu. ft. 

1000 = 1000 X 0.06634 = 66.34 lb. * 

Weight of water vapor in 1000 cu. ft. of mixture: 

w, = 0.002855 lb. per cu. ft. (from si 'am tables), 
1000 «), = 1000 X 0.002855 = 2.855 lb. 


Total weight of 1000 cu. ft. of mixture: 

= 66.34 + 2.855 = 69.19+ lb. 

Weight of vapor necessary to saturate 100 lb. of dry air: 

W,' = Fw, = VaWv 

= 15.08 X 0.002855 = 0.04305 lb. per lb. of dry air 
= 0.04305 X 100 = 4.305 lb. per 100 lb. cf dry air. 

Total heat of the dry air content, above 0 deg. fahr. : 

Ha = Cpa (100 - 0) 

= 0.2416 X 100 = 24.16 B.t.u. per lb. 

Latent heat of the vapor content: 

r,w/ = 1036.6 X 0.04305 = 44.63 B.t.u. 

Total heat of 1 lb. of dry air saturated with vapor: 

Hi = Ht + 

= 24.16 + 44.63 = 68.79 B.t.u. 


4M. Partially Saturated Air. — As previously stated, air is said to be 
saturated with moisture when it contains the saturated vapor of water. 
In this condition the weight of vapor per cu. ft. corresponds to the density 
of saturated steam at the temperature of the mixture. If the body of 
air contains only a fraction of the weight of vapor corresponding to satu- 
ration it is said to be partially saturated and the fraction is called the 
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relative humidity. Partially saturated air in reality contains superheated 
vapor, since the temperature of the mixture, which is also that of the 
vapor, is higher than that of saturated vapor corresponding to the actual 
pressure of the vapor in the mixture. The water vapor in the atmosphere 
is usually superheated. If a partially saturated mixture of air and water 
vapor is cooled at constant pressure, the mixture tends to become more and 
more saturated until at a certain temperature called the dew point, con- 
densation begins to take place. The pressure of saturated vapor corre- 
sponding to the dew point is substantially the same as the partial pressure 
of the superheated vapor in the original mixture. 

The relative humidity, or degree of saturation, is ordinarily deter- 
mined by an instrument called the psychrometer, which consists of two 
thermometers suitably mounted, the bulb of one thermometer being 
covered by a close-fitting wick, which is kept moist, and the other being 
exposed directly to the air. There are two types in general use, the 
“ stationary,” and the “ sling.” In the former the two thermometers 
are suitably moimted and himg in the shade, and in the latter they are 
whirled at a rate of about 200 r.p.m. The sling psychrometer gives 
more reliable results than the stationary device. The “ aspiration ” 
psychrometer is used when more accurate results are required. 

If the air is saturated, no evaporation takes place from the wet bulb 
and the two thermometers read alike, but if it is only partially satu- 
rated evaporation occurs and the readings of the wet-bulb thermometer 
are lower than those of the dry. Experiment^ has shown (1) that when 
an insulated body of water is permitted to evaporate freely in the air it 
assumes the true wet-bulb temperatme, (2) that the heat content of the 
air and vapor mixture is a constant for a given wet bulb temperature 
irrespective of the initial temperature and humidity, and (3) that the 
heat given up by the water and absorbed by the air-vapor mixtiu'e may 
be expressed 

r* (tPw — w) = Cfa (fi — t„) + wCp, (fd — t„), (438) 

in which 

r, == latent heat of vaporization at wet bulb temperature, t„, B.t.u. 
per lb., 

Ww =■ weight of vapor in 1 lb. of dry air when saturated at wet bulb 
temperature, lb., 

w « actual weight of vapor contained in 1 lb. of dry afr at dry bulb 
temperatiue, ti. 

Cpd and Cp, » mean specific heats, respectively, of the dry air and 
vapor between temperatures and td. 

> Willis H. Canier, Trans. A.S.M.E., Vol. 33, 1911, p. 1014. 
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Transposing equation (438) and reducing, 

W = ~ (id tj) ^ 

Tjff "i" ^ps “* ^ip) 

For low pressures, 

Cp, = 0.42 + 0.00005 (fi + U- 

At the low pressures under consideration, Dalton’s law may 
to hold good for vapors, thus 

P' = hPj, 
i. -P' P>' 

* Pi Di 

in which 

h = relative humidity at temperature td^ 

D' = actual density of the vapor at temperature td, lb. per cu. ft. 

Dd = density of saturated vapor at temnerature td, lb. per cu. ft. 

P' = hPd = actual pressure of the vapor in the mixture at tempera- 
ture td, 

Pd = pressure of saturated vapor at temperature td. 

Other notations as previously defined. 

By combining equations (438) to (441) and solving for h (omitting 
a number of negligible factors), Carrier (Trans. A.S.M.E., Vol. 33, 1911, 
p. 1023) has deduced the following expression: 

h = { P — ^ 1-^^ (442^) 

^ L 2800 - 1.3 ^ ^ 

in which 

Pn = pressure of saturated vapor at wet-bulb temperature, in., 

P = barometric pressure, in., 

d = temperature difference between the wet and dry bulb ther- 
mometers. 

Other notations as previously defined. 

Since, according to statement (2), the heat content, IP, of 1 lb. of 
dry air at temperature td with relative humidity h is the same as that, 
H, of 1 lb. of dry air at wet bulb temperature, t^, when completely satu- 
rated, then 

H' + Cpatu,. (443) 

^ This expression is for use in connection with the aspiration psychrometer. For 
the fthng psychrometer substitute (2755 — 1.28 tw) for (2800 — 1.3 tt§). 


(489) 


be assumed 

(440) 

(441) 
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For any atmospheric pressure Pi, other than P, the relative humidity 
will be 


h 


P ’ 


(444) 


in which 


hi - relative humidity at pressure Pi, 
h = relative humidity at pressure P. 


The values in Figs. 713 and 714 are based on the foregoing analjnais. 
An application of these equations is given in Example 118. 


Example 118. — Determine the following quantities for partially satu- 
rated atmospheric air if the wet and dry bulb temperatures are ^ and 
100 deg., respectively: relative humidity, pressure of the vapor in the 
mixture, pressure of dry air and vapor content of the mixture, weight 
of 1000 cu. ft. of mixture, actual weight of vapor in 1 lb. of dry air, dew 
point, and the heat content of the mixture. 


Solution. — Relative humidity: 

(29.921 


= fl 090 - (29.921 - 1.029) 20 1 1 
2800 - 1.3 X 80 J 1.931 
= 0.42 or 42 per cent. 


Vapor pressure in mixture: 

P' = hPi = 0.42 X 1.931 = 0.811 in. 


Dry air pressure in mixture: 

P^ = P - P' = 29.92 - 0.811 = 29.11 in. 


Volume of 1 lb. of dry air plus vapor content; see equation (435): 


V = 


_ 0.755 Pa 

p 

0.755 (100 + 459.6) 
29.11 


14.5 cu. ft. 


Weight of dry air in 1000 cu. ft. of mixtine 
= 1000|. = ^ = 68.961b. 

Weight of water vapor in 1000 cu. ft. of mixture 

= 1000 XhX density of saturated steam at 100 deg. fahr. 
* 1000 X 0.42 X 0.00285 = 1.19 lb. 

Total weight of mixture 

= 68.96 + 1.19 = 70.16. 
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Weight of vapor in 1 lb. of dry air: 


From equation (439) 


w = 


1047.4 X 0.02226 - 0.2416 X 20 ^ a 

1047.4 + 0.429 X 20 


w may also be closely approximated as follows: 

w - hV X density of saturated vapor at 100 deg. fahr. 
= 0.42 X 14.5 X 0.002855 = 0.0174 lb. 


Total heat in 1 lb. of dry air containing w lb. of vapor at tempera- 
ture id: 

From equation (443) 

= 1047.4 X 0.02226 + 0.2415 X 80 = 42.46 B.t.u. 

may also be approximated from the values in Table 138. 

H' = heat content of the dry air + ^ X latent heat content of satu- 
rated vapor at temperature td = 100 
= 24.16 + 0.42 X 44.63 = 42.9 B.t.u. 


An application of Table 138 and the psychrometac charts in Fig. 713 
is given in Examples 119 and 120. 

Example 119. — Atmospheric air at 40 deg. fahr. and relative humidity 
0.80 is to be conditioned to 70 deg. fahr. and relative humidity 0.50. 
Determine the amount of moisture and heat to be added, (1) by means 
of Table 138 and (2) by means of the curves in Fig. 713. 

Solution. — 

From Table 138: 

Original moisture content = 0.52 X 0.8 = 0.416 lb. per 100 lb. of 
dry air. 

Final moisture content = 1.578 X 0.5 = 0.789 lb. per 100 lb. of 
dry air. 

Moisture to be added = 0.789 — 0.416 = 0.373 lb. per 100 lb. of 
dry air. 

From Fig. 713: 

Initial moisture content (intersection of td = 40 and /i = 80 per 
cent) = 29 gi'ains per lb. of dry air. 

Final moisture content (intersection of = 70 and h = 60 per 
cent) = 55 grains per lb. of dry air. 

/55 — 2q\ 

Moisture to be added = 100 f ~ 

dry air. (7000 = grains per lb.) 

From Table 138: 

Initial heat content = 9.65 + 0.8 X 5.56 = 14.1 B.t.u. per lb. 

Final heat content = 16.90 + 0.5 X 16.61 = 25.20 B.t.u. per Ib. 

Heat required = 25.20 — 14.1 = 11.10 B.t.u. per lb. of dry air. 
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Prom Fig. 713: 

Initial heat content (intersection of = 40 and h = 80 cent) 
gives wet bulb = 37.5; follow constant temperature line =» 
37.5 until it' intersects saturation line h — 100 per cent; trace 
vertically upward to intersection of “ total heat " line and read 
from marginal notation 14.1 B.t.u. per lb. 

Final heat content (intersection of td = 70 and h = 50 per cent) 
gives tv, — 58.5; follow constant temperature line tv, = 58.5 xmtil 
it intersects line k = 100 per cent; trace vertically upward to 
intersection of “ total heat ” line and read 25.2. 

The charts in Figs. 713 and 714 are reproduced to a greatly reduced 
scale and the readings cannot be made with the accuracy indicated in 
the example. In the original charts the wet- and dry-bulb temperature 
can be read to an accuracy of 0.1 degree and the other quantities pro- 
portionately. 

Example 120. — Atmospheric air at 90 deg. fahr. and relative humidity 
of 80 per cent is to be conditioned to 70 deg. fahr. and 50 per cent relative 
humidity. Determine the temperature to which the original mixtm'e 
must be reduced in order to have a relative hiunidity of 50 per cent when 
heated to 70 deg. fahr. Determine also the amount of heat to be abstrac- 
ted to effect the initial cooling and that to be supplied to bring it to the 
final desired condition. 

Solution. — Moisture content at = 90 and h = 0.8 = 3.109 X 0.8 = 
2.487 lb. per 100 lb. of dry air, corresponding dew point = 83 deg. fahr., 
that is, at 83 deg. fahr. condensation begins. 

Moisture content at td = 70 and h = 0.5 = 1.578 X 0.5 = 0.789 lb. 
per 100 lb. of dry air. Corresponding dew point = 51.8 deg. fahr. This 
is the temperatme to which the air must be cooled in order to have the 
required humidity when reheated to 70 deg. fahr. Heat content at td 
= 90 and A = 0.8 = 21.74 -|- 0.8 X 32.39 = 47.65 B.t.u. per lb. 

Heat content at td — 51.8 and A = 1.0 = 21.19 B.t.u. per lb. 

Heat to be removed from water condensed due to cooling from 83 

to 61.8 deg. fahr. = X g ~ B.t.u. per lb. 

(This is comparatively small and may be omitted.) 

Total heat to be removed in cooling from initial conditions to 51.8 
deg. fahr. = 47.65 - (21.19 -t- 0.26) = 26.20 B.t.u. per lb. 

Heat content at td = 70 and A = 0.5 = 16.9 -f 0.5 X 13.96 = 23.88 
B.t.u. 

Heat to be added to retemper from 61.8 to 70 deg. = 23.88 — 21.19 
= 2.69 B.t.u. per lb. 

These values, neglecting the heat of the liquid, may be taken directly 
from the curves in Fig. 713 as shown in the preceding example. 

Example 121. Evaporative Starface Condenser. — How many cubic feet 
of air and how many pounds of water spray must be forced through 
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an evaporative surface condenser of the fan type in order to condense 
1000 lb. of steam per hour and maintain a vacuum of 25 in., barometer 
29? (Atmospheric air 80 deg. fahr., relative humidity 70 per cent.) 
The air and vap)or issue from the discharge pipe under pressure of 4 in. 
of water, temperature 120 deg. fahr., relative humidity 98 per cent. 

Solution. — The absolute pressure in the condenser is 29.0 — 25.0 = 4 in. 
of mercury. 

The total heat to be withdrawn in order to cool and condense 1000 lb. 
of steam per hour at absolute pressure of 4 in. to 120 deg. fahr. is 

1000 [1114.8 - (120 - 32)] = 1,026,000 B.t.u. 

Neglecting radiation and lealtage losses, this is the heat to be abstracted 
per hour by the air and water spray. 

Air-Vapor Mixture Entering Condenser. 

Pressure Pi of the dry air: 

Pi = 29.0 - 0.7 X 1.0314 = 28.28 in. 

(1.0314 = pressure of saturated vapor at temperature t — 
80. deg. fahr.) 


Volume Vi of 1 lb. of dry air plus its vapor contf-nt, equation (435) : 


Vi 


0.754 (459.6 + 80) 
28.28 


14.41 cu. ft. 


Weight wi of vapor in 1 lb. of dry air: 

wi = 0.7 X 14.41 X 0.00158 = 0.0159 lb. 

(0.00158 = density of saturated vapor at <i = 80 deg. fahr.) 

Heat content Ha of 1 lb. of dry air above 0 deg. fahr.: 

Ha = CtJLi = 0.2414 X 80 = 19.32 B.t.u. 

Latent heat r, of vapor content in 1 lb. of dry air: 

r, = 0.7 (14.41 X 0.00158 X 1047.4) = 16.68 B.t.u. 

(1047.4 = latent heat of saturated vapor at temperature t = 80.) 

Total heat Hi of mixture in 1 lb. of dry air: 

Hi = 19.32 + 16.68 = 36.00 B.t.u. 


Air-Vapor Mixture Leaving Condenser. 

Pressure Pi of the dry air: 

Pi = (29.0 + 0.294) - 0.98 X 3.444 = 25.92. 

(0.294 = value in inches of mercury of 4 inches of water pressure.) 


Volume V 2 of 1 lb. of dry air plus its vapor content: 


Vi = 


0.754 (459.6 + 120) 


25.92 


= 16.89 cu. ft. 


Weight Wi of vapor in 1 lb. of dry air: 

ws = 0.98 X 16.89 X 0.00492 = 0.08143. 
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Heat content Ha of the dry tur in 1 lb. of mixture: 

Ha' = Ctt = 0.2416 X 120 = 29.00 B.t.u. 

Latent heat r/ of vapor content in 1 Ib. of dry air: 

r/ = 0.98 (16.89 X 0.00492 X 1025.6) = 83.53 B.t.u. 

Total heat Hz of the mixture in 1 lb. of dry air: 

Hz = 29.00 + 83.53 = 112.53 B.t.u. 

Heat taken up by 1 lb. of air plus water vapor in passing through the 
condenser 

= Hz - Hi ^ 112.53 - 36.00 = 76.53 B.t.u. 


Total weight of dry air passing through condenser 


1,026,000 

76.53 


13,400 lb. per hour. 


Total volume of air vapor entering the condenser 
= 13,400 X 14.41 = 192,960 cu. ft. 

Water absorbed per lb. of dry air 

= wz-wi = 0.08143 - 0.0159 = 0.06553 lb. 

Total moisture absorbed or weight of spray to be injected 
= 13,400 X 0.06553 = 878.0 lb. per hr. 

For purpose of design it is sufficiently accurate to disregard the actual 
barometric pressure and assume it to be 29.92 in. With this assumption 
the problem may be readily solved by means of Table 138 or the curves 
in Figs. 713-4. 

From Fig. 713 (for =* 80 and hi = 0.70): 

Wet bulb = 72.2, Dew point = 69.0. 

Wi = 107 grains = 0.0153 lb. 

Hi = 35.5 B.t.u. 

From Fig. 714 (for tz = 120 and hz = 0.98) : 

Wet bulb = 119.4, Dew point = 119.2. 

Wz = 555 grains = 0.0793 lb. 

Hz = 111 B.t.u. 

Moisture absorbed per lb. of dry air, and its vapor content, 

Wz-Wi=- 0.0793 - 0.0153 = 0.064 lb. 

Heat absorbed per lb. of dry air, and its vapor content, 

Hz - Hi = 111 - 35.5 = 75.5 B.t.u. 


Since the moisture content per lb. of dry air at dew point is the same 
as that for all conditions of wet- and dry-bulb temperatures ^ving that 
dew-point temperature. 
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From Table 138: 

wi for dew point 69.0 = 0.0152 lb. 

W 2 for dew point 119.2 = 0.0793 lb. 

Moisture absorbed per lb. of dry air = 0.0793 - 0.0152 = 0.0641 lb. 

Since the heat content or total heat is constant for a given wet-bulb 
temperature 

Hi for wet bulb 72.2 = 35.3 B.t.u. 

H 2 for wet bulb 119.2 = 110.5. 

Heat absorbed per lb. of dry air and its vapor content. 

II2 — H = 110.5 — 35.0 = 75.2 B.t.u. per lb.' 

These results check substantially with the calculated data. 

Example 122. — Determine the quantity of air passing through the 
cooling tower and the weight of circulating water lost by evaporation in 
a surface-condensing power plant operating under the following conditions: 
Turbines, average load 1000 kw.; average water rate 20 lb. per kw-hr.; 
initial steam pressure 150 lb. abs.; superheat 50 deg. fahr.; vacuum 
26.92 in.; barometer 29.92 in.; temperature of injection water, discharge 
water and outside air, 70, 100, and 65 deg. fahr., respectively; tempera- 
ture of air leaving tower 90 deg. fahr.; wet bulb temperature of outside 
air and air leaving cooling tower 57 and 89 deg. fahr., respectively. 

Solution. — Total heat to be abstracted from the steam = 

1000 X 20 ^1223 - ^ - 105 * + 32^ = 19,580,000 B.t.u. per hr. 

* Assumed hoiwell temperature. 

Atmospheric air entering tower: 

From the curves in Fig. 713 (dry-bulb temperature 65 deg. fahr. 
and wet bulb temperature 57 deg. fahr.). 

Moisture content of 1 lb. of dry air, Wi — 56 grains. 

Total heat of 1 lb. of dry air, with its vapor content, 

Hi = 24.3 B.t.u. 


Air-vapor mixtiu’e leaving tower: 

From the curves in Fig. 713 (dry-bulb 90 and wet-bulb 89). 

Moisture content of 1 lb. of dry air, w? = 206 grains. 

Total heat of 1 lb. of dry air, with its vapor content, 

Hi == 52.8 B.t.u. 

Moisture absorbed by 1 Ib. of dry air in passing through the tower 
= m — w = 209 — 56 = 153 grains or 0.02186 lb. 

Heat absorbed by 1 lb. of dry air (plus its initial vapor content) in 
passing through the tower 

- Hi — B - 52.8 - 24.3 = 28.6 B.t.u. 
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Total weight of diy air required to abstract the heat from the circu- 
lating water 


19,580,000 

28^5 


= 687,000 lb. per hr. 


Volume of 1 lb. of dry air and its vapor content entering tower 


= 0.764 


/459.6 + 65\ 
\ 29.54 / 


13.39 cu. ft. 


(29.54 = pressure of the dry air in the mixture = 29.92 — 0.61 X 0.6218; 
0.61 = relative humidity and 0.6218 = pressure of saturated vapor at 
65 deg. fahr.) 

Total volume of atmospheric air entering tower 


687,000 X 13.39 
60 


153,000 cu. ft. per min. 


Loss by evaporation = 687,000 X 0.02186 = 15,000 lb. per hr. 


The Temperatures of Evaporation of Water into Air: Carrier and Lindsay, Trans. 
A.S.M.E., Vol. 46, 1924. 

The Design cf Coding Towers: Robinson, Trans. A.S.M.E., Vol. 44, 1922; p. 669. 
The Evaporation of a Liquid into a Gas: Lewis, Trans. A.S.M.E., Vol. 44, 1922, p. 325. 



APPENDIX A 

EQUIVALENT VALUES OF ELECTRICAL AND MECHANICAL UNITS 


1 Mtriawatt = 

10 kilowatts 

10.000 watts 
13.41 horsepower 

13.597 cheval-vapeur 
13.597 pferde-kraft 

26,552,000 foot pounds per hour 

8.605.000 gram calories per hour 

3.670.000 kilogram meters per hour 
34,150 B.t.u. per hour 

1.02 boiler horsepower 

1 Horsepower = 

745.7 watts 
0.7457 kilowatt 
0.07457 myriawatt 
1.0139 cheval-vapeur 
1.0139 pferde-kraft 

33.000 foot pounds per minute 
641,700 gram calories per hour 
273,743 kilogram meters per hour 

2,545 B.t.u. per hour 

\ Joule = 

1 watt second 
0.10197 kilogram meter 
0.73756 foot pound 
0.239 gram calorie 
0.0009486 B.t.u. 

1 B.t.u. =» 

1054 watt seconds 
778 foot pounds 
107.5 kilogram meters 
0.0003927 horsepower hour 
0.252 kilogram-calorie 


1 Kilowatt == 

0.1 myriawatt 
1000 watts 
1.341 horsepower 
1.3597 cheval-vapeur 
1.3597 pferde-kraft 
2,655,200 foot pounds per hour 
860,500 gram calories per hour 

367,000 kilogram meters per hour 
3,413 B.t.u. per hour 
0.102 boilf horsepower 

1 Cheval-Vapeur or Pferde-Krapt > 
75 kilogram meters per second 
0.07354 myriawatt 
0.7357 kilowatt 
0.9863 horsepower 
32,550 foot pounds per minute 
632,900 gram calories per hour 
2,512 B.t.u. per hour 

1 Foot Pound = 

1.3558 joules 
0.13826 kilogram meter 
0.001286 B.t.u. 

0.03241 gram calorie 
0.000000505 horsepower hour 

1 Kilogram-Meter ** 

7.233 foot pounds 
9.806 joules 
2.344 gram calories 
0.0093 B.t.u. 
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MISCELLANEOUS CONVERSION FACTORS 


1 Pound per Square Inch = 

2.0355 inches of mercury at 32® F. 
2.0416 inches of mercury at 62° F. 
2.309 feet of water at 62° F. 

0.07031 kilogram per square centi- 
meter 

0.06804 atmosphere 
51.7 millimeters of mercury at 
32° F. 

1 Foot op Water at 62° F. = 

0.433 pound per square inch 
62.355 pounds per square foot 
0.883 inch of mercury at 62° F. 
821.2 feet of air at 62° F. and ba- 
rometer 29.92 

1 Inch op Water 62° F. = 

0.0361 pound per square inch 
5.196 pounds per square foot 
0.5776 ounce per square inch 
0.0735 inch of mercury at 62° F. 
68.44 feet of air at 62° F. and ba- 
rometer 29.92 

1 Foot op Air at 32° F. and Barome- 
ter 29.92 = 

0.0761 pound per square foot 
0.0146 inch of water at 62° F. 

1 Inch op Mercury at 62° F. = 

0.4912 pound per square inch 
1.134 feet of water at 62° F. 

13.61 inches of water at 62° F. 

1 Kxloobam-Calorib 
3.968 B.t.u. 


1 Atmosphere = 

760.0 millimeters of mercury at 
32° F. • 

14.7 pounds per square inch 
29.921 inches of merciuy at 32° F. 
2116.0 pounds per square foot 
1.033 kilograms per square centi- 
meter 

33.947 feet of water at 62° F. 

1 Millimeter = 0.03937 inch 

1 Centimeter = 0.3937 inch 

1 Meter = 39.37 inches 

1 Meter =* 3.2808 feet 

1 Square Meter = 10.764 square feet 

1 Liter =» 

61.023 cubic inches 
0.264 U. S. gallons 

1 Gram =* 

1 cubic centimeter of distilled 
water 

15.43 grains troy 
0.0353 ounce 

1 Kilogram = 

2.20462 pounds avoirdupois 
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REFERENCES TO DETAILED DESCRIPTIONS 07 MODERN CENTRAL AND 

ISOLATED STATIONS ' 

CENTRAL STATIONS 

Station Company Reference 

Acme Toledo Edison P.P.E., June 15, ^26, p. 678. 

Bayside Wisconsin Pub. Serv P.P.E., June 1, '27, p. 596. 

Colfax Duquosne Lt Mech. Engr., Jan., '26, p. 39. 

Columbia Columbia Power P.P.E., Feb. 1, '27; Feb. 1, '26. 

Crawford Ave Commonwealth Edison Power, June 16, '25, p. 936; 

July 1, '25, p. 676. 

Des Moines Des Moines Elec. Co Power, Apr. 20, '26, p. 590. 

East River N. Y. Edison P.P.E. Mar. 15, '27, p. 338. 

Hales Bar Tenn. Elec. Power P.P.E., Dec. 1, '24, p. 1178. 

High Bridge Nor. States Power Power, Dec. 23, '24, p. 1006. 

Hudson Ave Brooklyn Edison Power, Mar. 13, '24, p. 750. 

Hunlock Creek. . . .Luzerne Gas & Elec P.P.E., Oct. 1, '26, p. 1040. 

Kearney Pub. Serv. Elec. & Gas Power, Aug. 31, '26, p. 306. 

Kip's Bay N. Y. Steam Corp Power, May 31, '27, p. 808. 

Long Beach So. Cal. Edison Nat. Engr., Feb., '25, p. 51. 

Middletown Metropolitan Edison P.P.E., July 15, '25, p. 724. 

Philo Am. Gas & Elec P.P.E., June 1, '25, p. 570. 

Picway Columbus Ry. Power and Lt. Power, Nov. 16, '26, p. 724. 

Richmond Phil. Elec P.P.E., May 15, '26, p. 564. 

Power, May 18, '26, p. 740. 

Saxton Pa, Cent. Lt. & Power Power, Aug. 2, '27, p. 159. 

Seal Beach Los Ang. Gas & Elec Power, June 2, '25, p. 856. 

Sommerset Montaup Elec P.P.E., Apr. 1, '25, p. 368. 

South Street Narragansett Elec. Lt Power, May 4, '26, p. 664. 

Stanton Am. Gas & Elec Power, Aug. .30, '27, p. 313. 

Sterlington La. Power Co Power, June 8, '26, p. 878. 

Trenton Channel Detroit Edison P.P.F., June 1, '27, p. 621. 

Power, Jan. 11, '27, p. 46. 

Twin Branch Am. Gas & Elec P.P.E., Jan. 15, '26, p. 118. 

Waukegan Pub. Serv. Nor. Ill Power, Jan. 15, '24, p. 80; 

Sept. 13, '27, p. 386. 


’ INDUSTRIAL STATIONS 

Bettendorf, la Bettendorf Mfg P.P.E., Jan. 1, '26, p. 626. 

Chicago, 111 Grt. West Laundry Power, Jan. 29, '24, p. 163. 

Cincinnatti, O Am. Can Power, Nov. 11, '24, p. 755. 

Detroit, Mich Dodge Bros Power, May 24, '21, p. 841. 
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INDUSTRIAL STATlOm— Continued 


Station Company 


Reference 


Kalamazoo, Mich. . .Bryant Paper Power, May 6, ^24, p. 710. 

Glean, N. Y Vac. Oil P.P.E., Nov. 1, »24, p. 1082. 

Kearney, N. J Wes. Elec P.P.E., June 1, ^26, p. 653. 

Power, Apr. 6, *26, p. 644. 

Newark, Del Continental Fibre P.P.E., Apr. 15, *26, p. 460. 

Newark, N. J Clark Thread Power, Nov. 4, *24, p. 715. 

No. Tonawanda, 

N. Y Tonawanda Paper P.P.E., Feb. 15, *27, p. 232. 

Passaic, N. J Paterson Parchment P.P.E., Sept. 16, *26, p. 984. 

Provo, Utah Columbia Steel P.P.E., Oct. 15, *24, p. 1034. 

Rockford, Mich Wolverine Tanning Power, July 26, *27, p. 120. 


Boston, Mass. . 
Chicago, 111.. . . 
Chicago, 111. . . 
Columbus, O. . 
Detroit, Mich., 
Detroit, Mich. 
Detroit, Mich.*. 
New York .... 
Princeton, N. J. 
Phila., Pa 


BUILDINGS 


Statler Hotel 

Palmer House 

Stevens Hotel 

Ohio State Univ 

, Masonic Temple 

. Book-Cadillac Hotel . . . 

Gen. Motors Corp 

, Roosevelt Hotel 

Princeton Univ 

.Atlantic Bldg 


. . . Power, Apr. 5, *27, p. 604. 

. . . .P.P.E., Aug. 15, *26, p. 882. 

Black Diamond, Apr. 2, *27. 

. . . .P.P.E., July 1, *26, p. 728. 

. . . .P.P.E., May 1, *26, p. 510. 

Power, Jan. 1, *26, p. 86. 

. . . P.P.E., Mar. 1, *23, p. 255. 
.. ..P.P.E., Jan. 15, *25, p. 122. 

. . . Power, Sept. 14, *26, p. 390. 
. . . .P.P.E., July 15, *26, p. 778. 
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A. 

Accessories, boiler, 173. 

Accumulator, regenerative, 480. 

Acetylene, fuel properties of, 69. 

Acids in lubricating oils, 786. 

Adamson ring, 119. 

Adiabatic change of state, 959. 

Admiralty condenser tubes, 527. 

. surface condensers, 519. 

Amortization, 877. 

Air, Carrier’s chart, 999. 
chambers, 635. 
combustion, 77. 
composition of, 78. 
cooled condensers, 537. 
coolers, 555. 
dehumidifying, 1004. 
density of (table), 993. 
dewpoint, 1000. 
drying loss, 27 
heat loss due to excess, 91. 
heaters, 21, 91. 
leakage, condenser, 531. 
lift, 680. 
manometer, 836. 
moisture in, 995. 
nitrogen in, 78. 
properties of, 993. 
dry, 992. 

partially saturated, 997. 
preheaters, 21, 91, 618. 
registers for oil burners, 254 
saturated, 995. 
pumps (see Pumps, vacuum), 
requirements for combustion, 77. 
space in grate bars, 213. 
theoretical combustion requirements, 
77. 

weight per pound various fuels, 80. 

Alarm, high and low water, 174. 

Alkalinity, 567. 
meter, 567. 

Analyses, coal, 38r-39. 


Analyses, feedwater, 561. 
gases, 65. 
flue gas, 84, 847. 
fuel oil, 60. 

lubricating oil, 793, 798. 
proximate, 26. 
scale, 565. 
solid fuels, 38--39. 
ultimate, 28. 
visible smoke, 102. 

Anchor bolts, steel stacks, 324. 

Anchors, pipe, 732. 

Animal fats, 780. 

Annuities, 879. 

Anthracite coal, 36. 

Apron conveyors, 267. 

Aqueous vapor in condensers, 503. 
Arches, furnace, 208. 

Argand blower, 345. 

Arithmetic mean temperature, 532, 612. 
Ash, combustible in, 56. 
composition of, 27. 
fusibility of, 53. 

influence on fuel value of coal, 53. 

Ash handling systems, 264-285. 
apron conveyor, 269. 
belt conveyors, 273. 
bucket conveyor, 271. 

Calumet, 285. 
cross bar, 281. 
gravity system, 277. 
hydraulic, 279. 
pneumatic, 280. 
skip hoist, 275. 

South Meadow, 287. 
steam jet, 281. 
vacuum, 280. 

Windsor, 286. 
hoppers, 277. 
pit, 280. 

Attendance, 896. 

Atmospheric condenser, 540. 
heaters, 582. 
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Atmospheric condenser, pressure, 501. 
relief valve, 776. 
surface lubrication, 796. 

Augmenter, Parsons vacuum, 670. 

Automatic combustion control. 111, 292. 
damper control, 176. 
fan control, 368. 
injectors, 647. 
non-return valve, 769. 
relief valves, 776. 

Auxiliaries (see apparatus in question). 

Avs^ilable draft, 302. 
hydrogen, 30. 

Avogadro’s law, 71. 

B. 

Back-pressure, decreasing, 399. 
valves, 775. 

Baffles, 2*08. 

Bagasse as fuel, 44. 

Bag-type filter, 808. 

Balanced draft, 370. 

Banking, coal burned in, 110. 
fires, hand-fired furnaces, 214. 

Barometric condenser, 513. 
readings, corrections for, 501. 

Batch system, oil, 811. 

Baum6 gravity, 61, 788. 

Bearings, lubrication of, 796-^00. 

Bell-Spigot joints, 715. 

Belt conveyors, 273. 

Bends, pipe, 727. 

Benson super-pressure plantj 987. 

Binary-vapor engine, 412. 

Bins, coal-storage, 263. 

Bituminous coals, 41. 

Blast furnace gas, 65. 

Bleeder turbine, 482, 989. 

Blowers, centrifugal (see Fans), 
soot, 109. 

Blowing off, loss due to, 109. 

Blow-off cocks, 771. 
piping, 772. 
tank, 175. 
valves, 771. 

Blow-offs, 175. 

Boiler, 114-176. 
accessories, 173. 

Adamson ring, 119. 


Boiler, A.S.M.E. rating, 144. 

Babcock & Wilcox, standard, 124. 
Babcock & Wilcox, cross-drum, 126. 
Badenhausen, 132, 611 
baffles, 208. 

Benson superpressure, 987. 
Bigelow-Homsby, 129. 
blow-offs for, 175. ' 

Bolling hoop, 119. 
builders rating, 145. 
capacity of, 144, 159. 

Centennial rating, 143. 

combustion generator type, 134. 

compounds for, 673. 

control boards, 853. 

corrosion in, 566. 

cost of, 875. 

cross-drum type, 126. 

curves of performance, 152-157. 

damper regulators, 176. 

dead plate, 213. 

draft loss through, 163. 

dry pipe, 121. 

duplex, 120. 

economical loading, 166. 

Edge Moor, 126, 130. 
efficiency of, 147. 

efficiency-capacity relation, 152-157, 
electric heated (ref.), 136. 

Erie City, 133. 

factor of evaporation, 144. 

fire-box, 117. 

flue-gas temperatures in, 165. 
foaming in, 567. 
forced capacity of, 166. 
furnaces (see Furnaces), 
fusible plugs for, 174. 
gage cocks, 174. 
gallows-frame suspension, 122. 
grate surface for, 212. 
head room for, 222-224. 
heat balance, 103. 
heat losses, 91-100. 
heating surface, 142. 
heat transmission, 136. 
height of chimney for, 297. 

Heine, 125. 
high-pressure, 127. 
high water alarm, 174. 
horizontal return tubular, 121. 
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Boilers, horsepower of, 145. 
inherent losses, 106. 

Kidwell, 130, 349. 

Kroeschell, 133. 

Ladd, 132. 

locomotive type, 117. 
longitudinal-drum type, 121. 
losses, standby, 108. 

Manning, 116. 
mercury vapor, 412. 
perfect boiler, efficiency of, 160. 
performance of, 143. 
reheat, 196. 
return-tubular, 121. 
safety valves, for, 772. 
scale formation in, 565. 

, Scotch-marine, 119. 
selection of size, 171. 
selection of type, 169. 
settings for, 206-242. 
soot removal from, 177. 
Springfield, 127. 

Steam Generator type, 134. 
Stirling, 131. 

superheated steam for, 182-205. 
temperature drop in, 165. 
tests of, 152-157. 
thickness of fire in, 160. 
tube cleaners, 179. 

^^uniflow,’^ 122. 
unit of capacity, 144. 
unit of evaporation, 146. 
vertical-tubular, 115. 
waste heat (ref.), 136. 

Wickes, 129. 

Bolling Hoop, 119. 

Bolts, chimney foundation, 323. 
Bourdon pressure gage, 836. 
Breeching, 338. 

Brick chimneys (see Chimneys). 
Bridgewall, 8, 218. 

Bridgewall, double-arch, 218. 
Brown coal, 43. 

Bucket conveyors, 270. 

traps, 698. 

Builders rating, 145. 

Bunkers, coal, 263. 

Burners, fuel-oil (see Fuel oil). 

powdered coal, 54. 

Burning point of oils, 790. 


Bursting strength of pipes, 712. 

By-pass oil system, 810. 

C. 

Caking coals, 41. 

Calorific value, coal, 38, 47. 
fuel oil, 60, 62. 

Cannel coal, 41. 

Capacity, boiler, 142, 159. 
fans, 362. 
pipes, 750. 

Carbocoal, 42. 

Carbon, combustion of, 70. 
dioxide, combustion data, 69, 79. 
index to combustion, 84. 
testing apparatus, 847. 
hydrogen ratio, 31. 
monoxide combustion data, 69, 72. 
heat loss due to, 96. 
packing, 461. 
residue, oils, 787. 

Carnot cycle, 966. 

Carrier's psychrometric chart, 998. 

Cast-iron pipe, 708. 

Cast-steel pipe, 709. 

Cellulose, composition of, 26. 

Central condensing system, 546. 
oiling system (see Lubrication), 
station, elementary steam, 8. 
statistics, 861-890. 

Centrifugal fans (see Fans), 
pumps (see Pumps, centrifugal). 

Chain grates, 226. 

Chambers step-down furnace, 221. 

Check valves, 777. 

Chemical analysis, feedwater, 571. 
fuel oil, 58. 
fuels, 38. 

lubricating oils, 785. 
scale. 561. 

Chemical purification, feedwater, 571. 

Chezy's formula, 304. 

Chicago smokeless settings, 217. 

Chimneys, 297-359. 
areas of, 307. 
breechings for, 338. 
brick, 325. 

at Armour Institute, 328. 
core and linings for, 325. 
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Chimneys, brick, cost of, 877. 

Custodis radial, 332. 
materials for, 329. 
radius of statical moments, 330. 
stability of, 330. 
thickness of walls, 325. 
classification of, 315. 
concrete (reinforced), 334. 
strain sheet, 338. 

Tumeaure and Maurer curves, 337. 
Weber coniform, 334. 

Wiederholt, 333. 
dampers for, 339. 
density of gases in, 299. 
draft in, 297. 
eccentricity in, 330. 
eyas4, 351. 
foimdations for, 340. 
general theory, 297. 
guyed, 316. 
height of, 300. 

horsepower rating of, 313-815. 

Kent’s equation, 311. 
kern, 330. 

lightning protection of, 329. 
oil fuel, 314. 
stability of, 330. 
steel, 317-320. 
foundations for, 324. 
foundation bolts for, 323 
guyed, 316. 
plates for, 320. 
riveting for, 323. 
stability of, 323. 
temperature drop in, 298. 

Weber concrete, 334. 
wind pressure on, 319. 

Cinder catchers, 350. 

Circulating pumps, 675^ 

Classification of boilers, llSk 
chimneys, 315. 
coals, 25. 
condensers, 506. 
conveyors, 264. 
feedwater heaters, 581. 
fuel oil burners, 252. 
fuels, 34. 
pumps, 627. 
steam meters, 828-834. 
separators, 690-696. 


Classification of steam traps, 697-700. 
turbines, 430. 
stokers, 223. 
thermometers, 840. 
testing instruments, 812. 

Clayton’s method, 980. 

Cleaner, tube, 177. 

Clearance volume, 387. 

Clinkering coal, 46. 

Clinkers, loss due to, 55. 

Closed heaters, 587. 

Coal, 25-55. 
analysis of, 26. 
analysis of various, 38. 
air drying loss, 27. 
air requirements for, 44, 80. 
anthracite, 36. 
composition of, 38. 
sizes of, 50. 
ash in, 27. 

available hydrogen in, 30. 
bituminous, 41. 
composition of, 38. 
heating value of, 38, 47. 
sizes of, 50. 
bone, 37. 
brown, 43. 
bunkers, 263. 
burned in banking, 110. 
caking and non-caking, 41. 
calorimeter, 856. 
calorimetric tests of, 38. 
cannel, 41. 
classification of, 25. 
clinkering, 46. 
combined moisture in, 39. 
combustible in, 27. 
combustion of, 68-101. 
composition of, 38. 
conveyors {see Conveyors), 
cost of, for power, 882-895. 
district, 35. 

draft requirements for, 157. 
dry, 28. 

Dulong’s formula, 47. 
field, def., 36. 
fields of U. S., 34. 
fixed carbon, 28. 
grades of, 35. 

handling machineiy, 261-28(X 
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Goal, heat losses in burning, 90. 
heating values of, 38. 
high rank, 35. 
hoppers, 263. 
hydrogen in, 30. 
low rank, 35. 
map of the U. S., 34. 
meter, 815. 
moisture in, 27, 35. 
nitrogen in, 38. 

powdered (see Powdered coal), 
products of combustion, 79. 
province, 36. 
proximate analysis, 26. 
ranks of, 35. 
region, 36. 

^election and purchase, 51. 
semi-anthracite, 37. 
semi-bituminous, 37. 
specifications for purchasing, 51. 
spontaneous combustion, 262. 
storage, 261. 
sub-bituminous, 43. 
tar, 60. 

tempering, 94. 
total moisture, 30. 
ultimate analysis, 28. 
valves, 295. 
volatile matter in, 27. 
washing, 51. 
weathering, 262. 
weigh tarries, 293. 

Cocks, blow off, 771. 
try, 173. 

Coefficient of expansion, pipes, 725 l 
friction, chimney gases, 305. 
steam in pipes, 751. 
water in pipes, 758. 

Coef. of heat transmission, boilers, 140. 
condensers, 528. 
economizers, 617. 
feedwater heaters, 591. 
superheaters, 200. 

Coil heaters, 588. 

Coke breeze, 42 

Coke oven gas, 66. 

Coking coals, 41. 

Cold process water purification, 574. 
test lubricating oils, 790. 

Colloidal fuels, 63. 


Color test, lubricating oils, 790. 

Column, water level, 174. 

Combined moisture in coal, 30. 
Combustible matter in coal, 27. 
Combustion, 68-110. 
air heater, 618. 
control, 111, 369. 
heat losses. 90. 
products of, 79. 
rate of, 153. 
temperature of, 87. 
theory of, 68. 

Commercial efficiency, 384. 

Compound engines, 408. 

steam turbines, 478. 

Compounding, 408, 478. 

Compounds, boiler, 572. 

Compressed air, lubrication, 804. 
Compression in engines, 387. 
Concentration meter, 565. 

Concrete chimneys, 334. 

Condensate, 501. 
pumps, 679. 

Condensation control, “S-C,’^ 704. 
Condensation, cylinder, 385. 

Condensers, 501. 
aqueous vapor in, 505. 
air for cooling, 537. 
air leakage in, 531. 
air pressure in, 216. 
air pumps for, 661-673. 
arithmetic mean temperature in surface 
532. 

atmospheric, 539. 
barometric, 514. 

Blake jet, 508. 
classification of, 506. 
central, 546. 
centrifugal jet, 510. 
choice of, 547. 

C. H Wheeler, low level, 510, 543. 
circulating pumps for, 675. 
Commonwealth Edison, 50,000 sq. ft., 
545. 

cooling water for jet, 515. 
cooling water for surface, 523. 
cost of, 876. 
counter current, 506. 

Dalton’s law, 503. 
dry air surface, 537. 
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Omdenaers, ejector, 511. 
exponential mean temperature, 531. 
evaporative surface, 540. 
heat transmission in surface, 525. 
high vacuum, 506. 
hotwell depression, 517. 

IngersoU-Rand, 514, 523. 
jet, 507-517. 

Blake, 508. 

C. H. Wheeler, 610. 
cooling water for, 515. 
high vacuum, 509. 
low-level, 507. 

Westinghouse-Leblanc, 509. 

Wheeler, low-level, 547. 

Worthington low-level, 507. 

Koerting multi-jet, 511. 
location of, 542. 

logarithmic mean temperature differ- 
ence, 532. 
low-level, 647. 

measurement of vacuum, 505. 
multi-jet, 509. 

Orrok, tests by, 529. 
parallel flow, 506. 

Fennel atmospheric, 539. 
power gained by use of, 402. 
pressure drop in surface, 535. 
proportions of surface, 536. 
radial flow surface, 521. 
saturated air, 539. 
single pass, 522. 
siphon, 515. 
surface, 518-542. 
air pumps for, 661-673. 

Alberger Spiroflo, 520. 

C. H. Wheeler ‘^Duplex,” 522. 
circulating pumps for, 675. 
circulating water for, 523. 
cleanliness of tubes, 527. 
coefficient of heat trimsfer in, 528. 
Commonwealth Edison, 50,000 sq. ft., 
545. 

cost of, 876. 
dry air, 637. 
evaporative, 540. 
heat transmission in, 528. 
hotwell depressions in, 524. 
IngersoU-l^d, 523. 

Fennel saturate air| 539. 


Condensers, surface, pumjnng engines, 419. 
recent installations, 536. 
saturated air, 539. 
tests of evaporative, 541. 
tests of large surface, 535. 
theoretically correct, 618. 
Westinghouse radial flow, 521. 
Wheeler, admiralty, 519. 
saturated air, 539. 
tests of, surface, 535, 541. 
tube packing, 522. 
water for, jet, 515. 
surface, 518. 

Westinghouse, Leblanc, 509. 

radial flow, 521. 

Wheeler, admiralty, 619. 
barometric, 514. 

Wheeler, C. H., high-vacuum, 522. 
low-level jet, 610. 

Condensing steam engines, 399. 

steam turbines, 497. 

Continuous by-pass, oil, 810. 

Control boards, boiler, 853. 

Conversion tables, 1010. 

Conveyors (coal and ash), 264-288. 
apron, 267. 
belt, 273. 

Calumet, 285. 
classification of, 264. 

Commonwealth Edison, 279. 

continuous, 266. 

crane, 278. 

cross bar, 280. 

flight, 267. 

grab bucket, 278. 

Hell gate, 2^). 
hoist and trolley, 277. 

Hunt, 271. 
hydraulic, 280. 
jet, 281. 

Northwest, 279. 
open top, 267. 
pan, 267. 

Feck, 272. 

pivoted bucket, 271. 
powdered coal, 286-2891 
pneumatic, 281. 

Robins, 273. 
scraper, 267. 
screw, 266. 
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Conveyon, skip hoist, 275. 

Springdale, 280. 
steam jet, 282. 
telpherage, 276. 
yacuum, 281. 

V-bucket, 270. 
water conveyor, 279. 

Windsor, 286. 

Coolers, air, 655. 
oil, 556. 

turbo-generators, 556. 

“U-fin,»^ 666. 

Cooling ponds, 549. 

Cpoling towers, 648. 

Atmospheric, 649. 

Barnard-Wheeler, 648. 

C. H. Wheeler, 649. 
forced-draft, 548. 
natural-draft, 549. 

Copper pipes, 709. 

Core and lining, chimney, 329. 

Corliss engines, 415. 

Com, heat value of, 45. 

Corrosion, 566. 

Cost of power plant equipment, 876. 
Cost of power (see Power cost). 
Countercurrent flow, 606, 687, 609. 
Covering, pipe, 736. 

Critical temperature of steam, 988. 
Cross-bar conveyor, 281. 

Cross box, boiler, 124. 

Cross-drum boiler, 126. 

Cross-over main, 743. 

Culm, 37. 

Cycle, Carnot, 493, 966. 

Clausius, 972. 
conventional, 980. 
mercury-steam, 412. 

Rankine, 493, 972. 
rectangular, 978. 
regenerative, 493, 988. 
reheating, 493, 986. 

Cylinder condensation, 385. 

Cylinder efficiency, 382. 

Cylinder lubrication, 799. 

Cylinder ratio, compound engmes, 408. 

D. 

Dalton’s laws, 503. 

Damper, 176. 


Damper, hydraulic, 176. 
loss of draft through, 304. 
steam actuated, 176. 

Daily load curve, 866-867. 
Deactivators, 679. 

Deaerators, 579. 

Dead plate, boiler, 213. 
Deconcentrator, Hagan, 669. 
Degasification, 579. 

Demand factors, 865. 

Densimeter, 565. 

De isity of air, 994. 

Depreciation, rate of, 876. 
Desuperheater, 203. 

Diaphragm valve, 767. 

Diesel-engine plant, 1. 

Differential traps, 700. 

Directly fired superheater, 187. 
Disc-valve pump, 633. 

Disc water meter, 819. 

Distillation of feedwater, 600. 
Divergent nozsle, 438. 

Diversity factor, 866. 

Domes on steam boilers, 122. 
Double-arch bridgewall, 218. 
Double-flow steam turbine, 478. 
Down-draft furnace, 222. 

Draft, available, 302. 
balanced, 352, 370. 
chinmey, 297. 

combined chimney and forced, 352. 

Ellis and Eaves system, 347. 

fans for, 342-372. 

for various fuels, 158. 

forced, 343-355. 

friction loss, 301. 

Howden system, 348. 

induced, 343-355. 

influence on boiler rating, 343. 

influence on rate of combustion, 158 

loss ic boilers, 163. 

mechanical, 342-372. 

Pratt system, 351. 
static, 297, 356. 
steam jets, 343. 
theoretical intensity of, 34& 

Draft gages, 836-838. 

Bailey recording, 837. 

Ellison differential, 836. 
plain U-tube, 836. 
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Draft gages, Precision ^*3 in 1/’ 837. 
Drains, office buildings, 705. 

Drip pockets, 687. 

Drips, high pressure, 695. 
low pressure, 695. 
removal of oil from, 693. 

Dryers, powdered coal, 244. 

Dulong’s formula, 47. 

Dummy pistons, 469, 474. 

Duplex coal valve, 295. 

steam pump, 628. 

Dutch ovens, 217. 

Duty, pump, 641. 

Dynamic pressure, 355. 

Dynamometers, 846. 

E. 

Economical loading of boilers, 166. 
Economizers (fuel), 607-617. 

. Babcock & Wilcox, 608. 

coefficient of heat transfer, 617. 

Foster, 609. 
gas velocity in, 617, 

Green, 607. 

heat transmission in, 617. 
independent, 606. 
integral, 606. 

pressure drop through, 616. 
tests of, 616. 
value of, 614. 

Efficiencies, efficiency (see names of ap- 
paratus in question). 

Ejector condenser, 511. 

Ejector, ash, 281. 

Shone, 705. 

Electrical power, cost of (see Power costs). 
Electric-resistance pyrometer, 840. 
Elementary power plants, 1-24. 
piston engine, condensing, 8. 
non-condensing, 2. 
heat and power, 6. 
turbo-alternator, 11. 

Elementary theory (see name of ap- 
paratus). ^ 

Ellis and Eaves draft system, 350. 
Embrittlement of metals, 567. 

Emergency governors (see name of ap- 
paratus in question), 
valves, 76a 


Emulsion tests of oils, 790. 

Engines (steam), 373-428. 

Ames uniflow, 423. 
back pressure in, 390. 
binary vapor, 412. 
clearance volume, 387. 
compound, 408, 416. 
compression, effect of, 387. 
condensers for (see Condensers), 
condensing, economy of, 399. 
correction factors, 397. 
cost of, 876. 

cylinder condensation, loss by, 385 

cylinder efficiency, 383. 

decreasing back pressure in, 399. 

economic performance of, 410-424. 

effect of moisture on economy, 391. 

efficiencies of, 376. 

exliaust, loss in, 392. 

four valve, 415. 

friction in, 391. 

heat consumption of, 379. 

heat losses in, 384. 

high speed, 413. 

ideal cycles for, 374. 

initial condensation, 385. 

incomplete expansion, 389. 

increasing back pressure, 399. 

increasing economy, methods of, 395. 

increasing initial pressure, 395. 

increasing rotative speed, 398. 

indicated horsepower, 377. 

indicated steam consumption, 985. 

intermediate reheating, 406. 

jacketing, 404. 

leakage loss, 387. 

locomobile, 425. 

logarithmic diagram for, 981. 

losses in, 384. 

low speed, 416. 

mean effective pressure, 979. 

mechanical efficiency, 381. 

medium speed, 416. 

moisture at admission, 391. 

non-condensing, 413-420. 

poppet valve, 415. 

pressure, increasing initial in, 395. 

Prosser, 406. 

pumping, 418. 

quadruple expansion, 418. 



INDEX 


1021 


Engines, radiation losses in, 3d2. 
Rankine cycle for, 382. 

Rankine cycle ratio, 376. 
receivers for, 406. ^ 
regenerative cycle, 972, 988. 
reheating cycle, 986. 
rotary, 425. 
selection of t 3 rpe, 426. 
simple, 413. 

steam consumption, 377. 
superheated steam, 401. 
thermal efficiency of, 380. 
thermodynamics of,i 965-999. 
triple-expansion, 418. 
uniflow engines, 410-425. 

Ames, 423. 

. Harrisburgh, 424. 

Mesta, 420. 

Murray, 422. 
performance of, 421. 

Universal, 421. 
water rate, 377. 

Willans line, 377. 
wire drawing, 390. 

Entropy, 949. 

Evaporation, cooling pond, 549. 
factor of, 144. 
latent heat of, 939. 
rate of, boilers, 144. 
total heat of, 940. 
unit of, 146. 

Evaporators, double effect, 604. 
Elliot, 602, 
film, 603. 
flash, 602. 

high-heat level, 600. 

Lillie, 602. 
low-heat level, 600. 
multi-effect, 601. 

Reilly, 603. 
single effect, 601. 
submerged, 603. 
triple-effect, 605. 

Evas4 stack, 351. 

Excess air in combustion, 92. 
Excess-pressure governor, 682. 
Exciters, 11. 

Exhauster, steam jet, 343. 

Exhaust head, 694. 

Exhaust steam, heat losses in, 392. 


Exhaust steam, heating plant, 6, 746. 

Expanding nozzle, 438. 

Expansion, loss due incomplete, 389. 
joints, 731. 
pipe materials, 724. 
ratio of, 408. 
steam, 964-961. 

Expectancy, 882. 

Extra-strong pipe, 710. 

Extraction heater, 623. 
steam turbine, 482, 989. 

F. 

Factor of evaporation, 144. 

Fan draft, 359-372. 
control, 369-372. 
balanced draft, 370. 

Hagan, 371. 

Hess-Benjamin, 371. 

Merrit, 292. 

Moore, 29 1. 

Fans (centrifugal), 359-372. 
balanced draft, 352, 370. 

Buffalo conoidal, 365. 
capacities of, 360-365. 
characteristics, 360-365. 
cinder eliminator, 350. 

Coppus ^‘Vano,” 354. 
efficiencies of, 360. 
manometric, 360. 
mechanical, 361. 
volumetric, 360. 
forced draft, 359-372. 
full backward tip, 368. 
horsepower of, 359. 
induced draft, 343-353. 
multi-vane, 353. 
performance of, 362. 
pressures in, 355-356. 
dynamic, 355. 
static, 355. 
velocity, 355. 
radial tip, 367. 
selection of, 366. 

Sirocco, 353, 368. 
steel plate, 353, 368. 
theory of, 355. 
turbo undergrate, 346. 
types of, 353. 
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Feedwater, 559. 
analysis of, 561. 
boiler compounds for, 572. 
boiler troubles from, 569. 
chemical purification of, 571. 
corrosion from, 566. 
distillation of, 600. 
economy of preheating, 581. 
embrittlement from, 567. 
filtration of, 568. 

foaming and priming caused by, 567. 
gas content, 560. 
general treatment of, 568. 
hardness measure of, 563. 
heaters, 582-596. 
arrangement of, 596. 
atmospheric, 582. 
bleeder, 623. 
choice of, 595. 
classification of, 582. 
closed, 587. 

Berryman, 588. 

coefficient of heat transfer, 591. 

coil, 588. 

economizers, 606. 

film, 587. 

gland, 461. 

heat transmission, 589. 
multi-flow, 587. 

National, 588. 
oil, 593. 

Otis, 588. 

parallel current, 587. 

ReiUy, 588. 
single-flow, 587. 
steam tube, 589. 
temperature gradient in, 591. 
types of, 587. 

coefficient of heat transfer in, 591. 
coil, 588. 

economizers (see Economizers), 
exhaust steam, 582. 
extraction heater, 200. 
film, 589. 
flue gas, 606, 618. 
heat transmission in, 589. 
induced, 583. 
live steam, 599. 
open, 582-586. 
atmospheric, 582. 


Feedwater heaters, open, Cochrane, 583 
heat exchange in, 584. 

Hoppes, 584. 
induced, 583. 
live steam, 599. 
pan surface for, 586. 
primary, 582. 
secondary, 582. 
size of shell, 586. 
temperature rise in, 585. 
through, 583. 
vacuum, 582. 

V8. closed, 595. 
primary, 582. 
secondary, 582. 
steam tube, 588. 
hypothetical combinations, 560. 
impurities in, 560. 
internal corrosion caused by, 566. 
ions, 560. 

permanent hardness of, 563. 
piping, 747. 
preheating, 570. 

purifiers and softeners, 574-577. 
chemicals for, 574. 
cold process, 574. 
hot process, 574. 

Permutit system, 576. 
Sorge-Cochrane, 575. 
zeolite, 576. 
regulators, 683. 

Copes, 685. 

»S-C”, 684. 

Stets, 683. 
scale from, 565. 
scale produced by, 565. 
soap solution for testing hardness, 563. 
softening, 574. 
temporary hardness, 563. 
thermal purification of, 570. 
treatment, 568. 
weighing of, 817. 

Film evaporators, 603. 
heaters, 589. 

Filters, oil, 808. 

Filtration, 568. 

Fire thickness, 160. 

Fire, temperature of, 88. 

Fire box boiler, 117. 

Fire test, oils, 61. 
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Fires, banking, 110. 

Fittings, pipe, 715-720. 

Fixed carbon, 28. 

Fixed charges, 872. 

Flanges, pipe, 717. 

Flash evaporators, 602. 

Flash point of oils, 61. 

Flight conveyor, 266. 

Float trap, 697. 

Flow factor, 485. 

Flow meters, 816-825. 
steam, nozzles, 437. 
pipes, 750. 
water-pipes, 758. 

Flue gas analysis, 84, 847. 
apparatus, 847-852. 

, Dwight, 848. 
electric, 851. 

Engelhard t, 851. 

Hempel, 848. 

Orsat, 847. 

Republic, 849. 

Uehling, 851. 
composition of, 84. 
heat loss in, 91. 
heaters, 92. 
temperatures of, 165. 

Fly-wheel pumps, 644. 

Foaming in boilers, 567. 

Follow-up governor, 682. 

Foot valves, 776. 

Forced capacities of boilers, 152, 159. 

Forced draft, 342-369. 

Foundation bolts, steel stacks, 323. 

Foundation, chimney, 340. 

Fountain, spray, 551. 

Free burning coal, 41. 
hydrogen, 30. 
oxygen, 30. 

Friction in engines, 392. 
pipe fittings, 756. 

Friction in pipes, 750. 

Friction tests of oils, 795. 

Fuel, calorimeters, 856. 
cost of {see Power costs). 

Fuel oil, 57-63, 252-259. 
advantages of, as boiler fuel, 62. 
analysis of, 60. 
atomization of, 252. 

Baum4 scale for, 61, 778. 


Fuel oil, boiler feeding systems, 289-293. 
boiler tests with, 152. 
burners, 252-260. 

B and W ‘^Sandiego,^' 256. 

Coen, 255. 

Enco, 254. 

Foerst, 253. 

Hammcl, 253. 

Koerting, 255. 
mechanical, 255. 

National, 253. 

Peabody, 254. 
steam, 253. 
tests of, 256. 
chemical properties, 60. 
efficiencies of boilers burning, 152. 
furnaces, 257-260. 
back shot, 258. 
front feed, 259. 

Hammel, 258. 

Narragansett, 258. 
water-cooled, 211, 251. 
volume for, 211, 251. 
heating value and gravity of, 60, 61. 
physical properties of, 60. 
source of supply, 58. 

Fuel ratio, 34. 

Fuel, weighing, 814. 

Fuel, calorific value of, 38. 
classification of, 25. 
colloidal, 31. 
gaseous, 64. 
liquid, 57. 
powdered, 54. 
solid, 26. 
storage of, 118. 

Fuller-Kinyon conveyor, 249. 

Furnace arches, 208. 
front walls, 207, 211. 
side walls, 207, 211. 
temperature, 87. 
volume, 211. 

Furnaces, 206-230. 
anthracite, hand-fired, 215. 

Chambers, 221. 

Chicago settings, 217. 

Colfax station, 209. 

Delaware station, 210. 
double-arch bridgewall,. 218. 
down draft, 222. 
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Furnaces, Dutch oven, 217. 
front-wall construction, 207. 

Hammel oil fired, 258. 
hand-fired, 214. 

Hawley down draft, 222. 

Misostow, 220. 

Murphy smokeless, 235. 
oil fuel, 258. 
powdered coal, 250. 
side-wall construction, 207. 
smokeless, 217. 
steam jets for, 216. 
stoker-fired, 223. 
water-cooled, 211, 251. 

Fusible plugs, 174. 

Fusibility of ash, 46, 53. 

G. 

Gage cocks, 174. 

Gages, pressure, 836. 

water-level, 173. 

Gallows-frame suspension, 122. 

Gannister packing, 339. 

Garbage as fuel, 67. 

Gas content of surface water, 560. 

Gas oil, 60. 

Gate valves, 763. 

Galvanometer, 840. 

Globe valves, 762. 

Glow point, 68. 

Going value, 886. 

Goudie's formula, 440. 

Governors (see name of apparatus in 
question). 

Grab buckets, 277. 

Grashof’s formula, 439. 

Grate bars, 213. 
surface, 212. 

Grates, fuel loss through, 99. 
rocking, 213. 
stationary, 212. 
traveling, 226. 

Greases, 781. 

Grease extractor, 694. 

Guyed stacks, 316. 

H. 

Hand-fired furnaces, 214-219. 

Hand holoi boiler, 125-*126. 


Hand shoveling, 265. 

Hangers for piping, 732. 

Hardness test, feedwater, 563. 

Header, main steam, 739. 

Heat balance, boilers, 103. 

Connor’s Creek Station, 621. 

Delaware Station, 620. 
station, 619. 

Heat-flow diagrams, 622-624. 

Heat losses, bare pipe, 735. 
combustion of coal, 90. 
dry flue gases, 91. 
fuel in ash, 99. 
hydrogen in fuel, 95. 
incomplete combustion, 96. 
inherent, 106. 
moisture in air, 95. 
moisture in fuel, 93. 
radiation, 103. 
preventable, 108. 
visible smoke, 101. 
covered pipe, 735. 

Heat transmission, boilers, 135. 
condensers, 595. 
economizers, 617. 
feedwater heaters, 591. 
piping, 735. 
superheaters, 199. 

Heater, extraction, 624, 989. 

Heaters, feedwater (see Feedwater 
heaters). 

Heating surface, boiler, 136. 

Heating systems, 746. 

Webster, 746. 

Heating value of fuels, 38, 60. 

Height of chimneys, 297. 

High pressures (boiler), 127. 

High-pressure drips, 695. 

High-speed engines, 413. 

High-water alarm, 174. 

High-vacuum condensers, 508. 
pumps, 668. 

Hoist and trolley, 277. 

Holly loop, 703. 

Horsepower, boiler, 146. 

Horizontal tubular boilers, 121. 

Hot process softener, 575. 

Hotwell depression, 524. 
pumps, 679. 

Humidity, relative, 1000. 



INDEX 


1025 


Hurling water pumps, 668. 

Hydraulic air pump, 668. 
governors, 458. 
packing, 636. 

Hydrogen, available, 30. 
combustion data, 69, 73. 
free, 30. 

heat loss, coal, 95. 
heating value, 69, 73. 
total, 30. 

Hydrometer, Baum^, 61, 788. 

Hydrostatic lubricator, 800. 

Hygrometry, 1000. 

Hypothetical compounds, 563. 

I. 

Ideal engine cycle, 966-999. 

Ideal feedwater temperature, 379. 

Ignition temperatures, 68. 

Impellers for centrifugal pumps, 655. 
fans, 353. 

Impurities in feedwater, 559. 

Impulse turbines, 435-454. 

Inadequacy, 876. 

Incomplete combustion, 96. 

Incomplete expansion, 389. 

Increasing back pressure, 399. 

Independently-fired superheater, 187. 

Indicated horsepower, 377, 980. 

Indirectly-fired superheater, 187. 

Induced draft, 343. 
heaters, 581. 

Inherent furnacejosses, 106. 

Initial condensation, 385. 

Injectors (steam), 647-651. 
automatic, 648. 
performance of, 649. 
positive, 648. 
vs, steam pumps, 650. 

Insurance (power cost), 875. 

Interest charges, 873. 

Intermediate reheating, 406. 

Intermittent oil feed, 796. 

Internal corrosion, 566. 

Ions, properties of, 562. 

Isolated station, def., 2. 

Isolated stations, cost of power, 905- 
908, 

Isothermal change of state, 957. 


J. 

Jackets, steam engine, 404. 

Jet condensers (see Condensers, jet), 
pumps, 647, 668. 

Jets, steam, 216, 438. 
kinetic energy of steam, 438. 
velocity of steam, 438. 

K. 

Kent’s chimney formula, 312. 

K^rn, 330. 

Kiln, rotary, 243. 

handling temperature of fuels, 68. 

L. 

Labor, cost of, in power plants, 896. 

Labyrinth packing, 461. 

Larries, 293. 

Leakage of air in condensers, 531. 
steam in engiiiCS, 387. 

Life of power-plant appliances, 878. 

Lignite, 43. 

Lime-soda treatment, 574. 

Live-steam feedwater heaters, 597. 
separators (see Separators, steam). 

Load curves, 865-890. 
factors, 866. 

Locomobile, 425, 

Logarithmic diagram, 980. 
mean temperature difference, 532, 612. 

Loop header, 742. 

Loop, Holly, 703. 
steam, 702. 

Loss of heat, bare pipes, 735. 
combustion of fuels, 90. 
covered pipe, 735. 
steam engines, 384. 

Losses, standby, 108. 

Low-level jet condenser, 507. 

Low-pressure drips, 695. 
turbines, 479. 

Low-speed engines, 416. 

Low-water alarm, 174. 

Lubricants, 780. 
animal fats, 780. 
chemical tests, 785. 
acids, 786. 
carbon residue, 787 

/ 
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Lubricants, chemical tests, corrosion, 
787. 

effect of heat, 787. 
reaction, 788. 
saponification, 786. 
sulphur, 785. 
graphite, 783. 
greases, 781, 802. 
mineral oils, 781. 
physical characteristics of, 793. 
physical tests, 788-796. 
cloud and pour, 790. 
cold, 790. 
color, 788. 
demulsibility, 791. 
emulsion, 790. 
flash point, 789. 
fire, 790. 
friction, 795. 
gravity, 788. 
odor, 788. 
precipitation, 792. 
viscosity, 792. 
qualifications of good, 784. 
solid, 783. 
testing, 785-796. 
vegetable oils, 780. 
service tests, 795. 

Lubrication, 796. 
atmospheric surface, 796. 
centrifugal oiler, 798. 
compressed air feed, 804. 
intermittent feed, 796. 
gravity oil feed, 803. 
low-pressure gravity feed, 803. 
oil bath, 796. 
oil cups, 797. 
oil purification, 808. 
pendulum oiler, 798. 
restricted feed, 796. 
ring oiler, 797. 
specifications, 798. 
splash, 798. 
telescopic oiler, 797. 
central systems, 805-807. 
AUis-Chalmers turbine, 807. 

Curtis turbine, 806. 
piston engine plant, 805. 
cost of, 901. 
qyiinder, 799. 


Lubrication, cylinder, hydrostatic, 800. 
forced feed, 800. 

M. 

Main exciter, 11. 

Mains, steam, 739. 

Maintenance, 874. 

Manometric efficiency, 360. 

Marks and Davis’ steam tables, 945. 
Materials, brick chimneys, 329. 
pipes and fittings, 706. 
superheaters, 197. 

Maximum demand, 865. 

Mean specific heat, air, 89. 
gases, 89. 

superheated steam, 941. 
water, 939. 

Mean temperature difference, arithmetic, 
532, 612. 

exponential, 533, 612. 
logarithmic, 532, 612. 

Mechanical boiler tube cleaners, 179. 
draft (see Fans), 
efficiency of fans, 361. 
engines, 381. 
pumps, 637. 

pimfication of feed water, 559-580. 
stokers (see Stokers). 

Meters, coal, 814. 
steam, 828-836. 

Bailey, 833. 

classification of flow, 816. 

Cochrane, 834. 

G-E, 830, 832. 

Hyperbo, 835. 

Republic, 829. 

St. Johns, 835. 
water, 819-823. 

Cadillac, 820. 

Nash, 819. 
orifice, 824. 

Simplex, 823. 

Weir, 825. 

V-notch, 826. 

Venturi, 821. 

Wilcox, 818. 

Worthington, 818. 

Millivoltmeter, 841. 

Minml oils, 781. 
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Missing quantity, 385. 

Mixed-pressure turbines, 481. 

Moisture, air, 906. 
combined, 30. 
fuel, 27, 30. 
steam, 937. 
total, 30. 

MoUier diagram, 953. 

Multi-stage centrifugal pumps, 656. 
steam turbines, 447, 454. 

N. 

Napier's rule, flow of steam, 773. 

Natural draft, chimney, 297. 
cooling tower, 554. 

Natural gas, properties of, 64. 

Navy boiler compound, 573. 

Nitrogen, in air, 70. 
in coal, 38. 
properties of, 69. 

Non-condensing, engine tests, 378. 
plants, elementary, 1-20. 
feed-water heating, 581-589. 

Non-return valves, 769. 

Nozzles, convergent, 437. 
expanding, 438. 
expansion ratio, 440. 
flow of steam through, 346, 439. 

water through, 758. 
friction in, 441. 
mouth error of, 438. 
steam turbine (see name of turbine). 

O. 

Obsolescence, 876. 

Oil, burners (see Fuel oil), 
fuel (see Fuel oil), 
piping, 290. 
purification, 808. 
relay governor, 458-470. 
separators, 693. 

Oiling systems (see Lubrication). 

Oils (see Lubricants). 

Open heater vs. closed, 595. 

Open heaters, 583. 

Open-top conveyor, 267. 

Operating costa, 889-908 

(^tical pyrometer, 842. 


Orifices, flow of steam through, 439. 
flow of water through, 758. 

Orsat apparatus, 847. 

Output and load factor, 864. 

Oven, Dutch, 217. 

Overfeed stokers, 232. 

Overhead charges, 872. 

Overload capacity, boilers, 152, 159. 

Oxygen, in air, 70. 
in coal, 38. 
in flue gases, 84. 
properties of, 69. 

Oxygen-hydrogen ratio, 34. 

P. 

Packing, pump, 636. 

Pan conveyor, 267. 
surface, open heater, 586. 

Parallel current condenser, 507. 

Parallel flow economizers, 613. 

Peat, 43. 

Pendulum oiler, 298. 

Permanent statistics, power plant, 862. 

Permutit feedwater purification, 578. 

Pipe, pipes, 706. 
anchors, 731. 
and fittings, 706. 
bends, 727. 

\ expansion, 730. 

minimum dimension, 728. 
brass, 709. 

bursting strength of, 712. 
cast-iron, 708. 
cast-steel, 708. 
copper, 709. 
coverings, 735. 

heat loss through, 735. 
drains, 693. 
drawings, 706. 

<*xpansion, 724. 
flanges, 717. 

American Standard, 717. 
types of, 717. 
fittings, 706. 
flow of steam in, 750. 
flow of water in, 758. 
friction in, 750, 758. 
heat conduction through, 735. 
materials for, 706. 
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Pipe, pressure drop in, 750. 
riveted, 712. 
screw threads for, 716. 
size of, 711. 
steel, 707. 
supports, 731. 

Sargol joint for, 719. 

Van Stone joint for, 717. 
welded joints for, 724. 
wrought iron, 707. 
wrought steel, 707. 
corrosion of, 708. 
double extra strong, 710. 
extra strong, 710. 
large 0. D., 713. 
standard, 711, 713. 

Piping, 739-750. 
blow-off, 772, 775. 
condenser, 745. 
duplicate system, 741. 
exhaust steam, 745. 
feed water, 747. 
heating systems, 746. 
high-pressure steam, 739. 
oil, 290. 

loop in ring header, 742. 
single header, 740. 
specifications, 922. 
spider system, 741. 
steam, examples of, 740-750. 

Pistons, water, 635. 

Pitot tubes, 356. 

Pivoted-bucket conveyors, 272. 

Polytropic change of state, 961. 

Ponds, cooling, 549. 

Pop safety valves, 772. 

Poppet-valve engine, 415. 

Positive injectors, 647. 

Potentiometer, 841. 

Powdered coal, 54, 242. 
advantages of, 55. 
biunaers, 247. 
cost of preparing, 56. 
dryers, 244-246. 
fineness for boiler fuel, 244. 
furnaces, 250. 
depreciation of, 256. 
grinders, 246. 
preparation, 242. 
storing, 56, 243. 


Power costs, 860-890. 
amortization, 876. 
attendance, 896. 
bibliography, 1012. 
central stations, 889-897. 
California Edison, 892. 
Commonwealth Edison, 889. 
Detroit Edison, 891, 897. 
Massachusetts, 894, 900. 
demand factors, 865. 
depreciation, 876. 
diversity factor, 867. 
expectancy, 883. 
fixed charges, 872. 
fuel costs, 897-898. 
general remarks, 906. 
going value, 886. 
inadequacy, 876. 
insurance, 875. 
interest, 873. 

isolated stations, 905, 908. 

initial cost, 902. 
labor, 896. 

life of equipment, 878. 
load factors, 864. 
maintenance, 874, 901. 
manufacturing plants, 905. 
maximum demand, 865. 
obsolescence, 876. 
oil, waste, etc., 901. 
operating costs, 889-908. 
records, 860. 

output and load factor, 864. 
permanent statistics, 862. 
power factor, 869. 
records, 860. 
repairs, 901. 
replacement, 883. 
iSinking fund, 881. 
station load factor, 865. 
station output factor, 865. 
steam heating, 907. 
straight line depreciation, 879. 
system load factor, 865. 
taxes, 875. 

turbo-electric plants, 888-900. 
unit cost, depreciation, 886. 
wages, 896. 

Power driven pumps, 644. 

Power measurements, 845. 
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Power plant design, elements of, 901. 
refinement in, 906. 

Power plants, elementary, 1-20. 
transmission losses, 22. 
typical central stations, 9-20. 
typical isolated stations, 2-9. 

Preboiler, 606. 

Preheated air, 92, 610, 618. 

Preheaters, 618. 

Pressure drops in, boilers, 163. 
condensers, 525. 
economizers, 610. 
piping, steam, 751. 
water, 760. 

Pressure regulator, 681. 

Pressures, high boiler, 399, 492. 

, Preventable combustion losses, 106. 

Primary heaters, 582. 

Products of combustion, 79. 

Properties of air {see Air, properties of), 
fuel oil, 58. 
gases, 64. 

lubricating oil, 793. 

steam (see Steam, properties of). 

Protective coatings, 579. 

Proximate analysis, 26. 

Psychrometric chart, 998. 

PuLsometcr, 646. 

Pulverized fuel (see Powdered fuel). 

Pump governor, 681. 

Pumping engine tests, 419. 

Pumps, 627-686. 
air (see Pumps, vacuum), 
air chambers for, 634. 
air lift, 680. 
boiler-feed, 630, 678. 
centrifugal, 652. 
direct-acting, 630. 
duplex, 630. 

Marsh, 632. 

performance of, 637, 676. 
simplex, 632. 
size of, 641. 

steam-end, duplex, 631. 
tests of, 637. 
valve-gear, duplex, 631. 
classification of, 627. 
centrifugal, 652-659. 
boiler-feed, 678. 
characteristics of, 661. 


Pumps, centrifugal, circulating, 675. 
condensate, 679. 
hotwell, 679. 
impellers for, 655. 
multi-stage, 656. 
performance of, 657. 
power requirements, 657. 
Rees-roturbo, 663. 
single stage, 655. 
turbine, 666. 
volute, 654. 

Worthington, 3-stage, 656. 
circulating, 675. 
condensate, 679. 
dry vacuum, 668. 
duplex piston, 629. 
duty of, 641. 
efficiencies of, 638, 657. 
electric driven piston, 645. 
fly wheel, 645. 
geared piston, 645. 
governors for, 681. 
hotwell, 679. 
hurling water, 669. 
hydraulic air, 669. 
injector (see Injectors), 
jet, 670. 

outside packed plunger, 637. 
packing for piston, 635. 
performance of, 637, 676. 
plungers for, 636. 
f)uLsometer, 646. 
reciprocating piston, 630. 
air (see Pumps, vacuum), 
air chambers for, 635. 
boiler-feed, 630. 
compound duplex, 633. 
duplex, 630. 
duty, 641. 
efficiencies, 638. 
electnc driven, 645. 
fly-wheel, 645. 
geared, 645. 
governors, 681. 

Marsh simplex, 632. 
outside packed, 637. 
performance of, 637. 
piston packing, 635. 
plungers, 636. 
power driven, 644. 
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Pumps, reciprocating piston, simplex, 
632. 

size of boiler-feed, 641. 
slip, 642. 
steam end, 631. 
tests of, 637. 
water end, 634. 
rotary, 651. 
rotrex, 665. 
simplex steam, 632. 
slip in, 642. 

steam jet vacuum, 668. ^ 
tail, 667. 
triplex, 645. 
vacuum, 661-669. 
air handled by, 673. 
centrifugal-hydraulic, 669. 

Dean, 662. 
dry, 668. 

Edwards, 663. 
hurling water, 669. 
hydraulic, 669. 

Laidlaw, 668. 

Leblanc, 669. 
performance of, 675. 
radojet, 671. 

Rees-roturbo, 663. 
rotrex, 665. 
size of, 665. 
steam jet, 670. 
turbo-air, 669. 

Westinghouse jet, 672. 
wet, 662. 

Wheeler, 669. 

Worthington, 669. 
wet-vacuum, 662. 

Purchasing coal, 52. 

Purification, feed-water, 559-581. 

Purifiers, live steam, 597. 

Purifying plants, feed-water, 574. 

Pyrometers, air, 841. 
bi-metallic, 843. 
galvanometer, 840. 
optical, 842. 
potentiometer, 841. 
radiation, 843. 
resistance, 842. 
thermo-electric, 841. 


Q. 

Quadruple-expansion engines, 408. 

Quality of steam, 937. 

R. 

Radial brick chimneys, 333. 

Radial flow condensers, 521. 

Radiant superheater, 194. 

Radiation, heat transmitted by, 88. 
Radiation losses, boilers, 103. 
engines, 392. 
pyrometers, 843. 

Radius of statical moment, 330. 

Radojet pump, 671, 673. 

Rankine cycles, 494. 

Rate of combustion, 153. 
depreciation, 876. 
driving boilers, 159. 

Rating of boilers, 145. 

Ratio of expansion, 408. 

Reaction turbines, 466. 

Receiver reheaters, 406. 

Reciprocating engines (sec Engines, steam). 
Records, power plant, 860-880. 

Recording apparatus {see name of appara- 
tus in question). 

Reduction gears, 450. 

Regenerator accumulator, 479. 
Regenerative cycle, 494. 

Regulators, 176, 684. 

Reheat boiler, 196. 

Reheating cycle, 492. 

Reinforced concrete chimneys, 334. 
Relative humidity, 1000. 

Relief valves, 776. 

Repairs, cost of, 901. 

Replacement, 883. 

Return traps, 702. 

Return-tubular boilers, 121. 

specifications for, 914. 

Returns tank, 7. 

Ring oilers, 797. 

Ring steam jet, 344. 

Ringelmann smoke chart, 857. 

Riveted joints, chimney, 323. 

Rotary engines, 425. 
pumps, 651. 
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s. 

Safety plugs, 174. 

Safety valves, 772. 
capacity of, 773. 
dead weight, 772. 
lever, 772. 
pop, 772, 774. 

Sargol joint, 719. 

Saturated air, properties of, 995. 

surface condensers, 539. 

Saturated steam, properties of (see Steam, 
properties of). 

Sawdust as fuel, 44. 

Scale, analysis of boiler, 561. 
influence on heat transmission, 566. 
methods for removing, 568. 

Scotch marine boiler, 118. 

Scraper conveyors, 267. 

Screens, traveling, 557. 

Screw conveyors, 266. 

pump, 652. 

Screwed fittings, 708. 

Secondary heaters, 582. 

Seger cones, 839. 

Semi-anthracite coals, 37. 

-bituminous coals, 37. 

Separating calorimeters, 855. 

Separators, 687. 
live steam, 689-692. 

Austin, 691. 
bafile, 691. 

Bundy, 691. 
centrifugal, 690. 
classification of, 689. 

“Direct,’’ 692. 
exhaust heads, 694. 

Hoppes, 689. 

Keystone, 690. 
location of, 692. 
mesh, 692. 
reverse current, 689. 

Stratton, 690. 

Swartout, 690. 

Tracy, 691. 
types of, 689. 
oil, 693. 

Loew, 694. 

Service tests, lubricants, 795. 

Settings, boiler, 206-242. 

Shaking grates, 213. 


Side feed stokers, 232. 

Simplex coal valve, 295. 

steam pumps, 632. 

Sinking fund, 877. 

Single-stage pumps, 654. 

turbines, 435. 

Siphon condensers, 515. 

trapfe, 701. 

Skimmers, 175. 

Skip hoist, 276. 

Slagging of powdered coal, 56. 

Slip expansion joint, 731. 

Slip in pumps, 637. 

Smoko, cause of visible, 101. 
chart, 857. 

chemical elements in visible, 102. 
determination of, 857. 
distribution in C'hicago, 102. 
loss due to visible, 101. 
recorder, 858. 

Ringelma n chart, 857. 
solids in visible, 102. 
units, 858. 

Smokeless furnaces (.see Furnaces). 
Soap, standard solution, 563. 
Softeners, feedwater, 574. 

Solid lubricants, 783. 

Solids in visible smoke, 101. 

Soot blowers, 177. 

Soot, loss due to, 101. 

Space, air, in grate bars, 213. 
Specific gravity, BaurnC*, 61, 788. 
fuel oils, 58. 
lubricating oils, 788. 

Specific heat, air, 89. 
gases, 89. 

saturated steam, 941. 
superheated steam, 941. 
water, 939. 

Specific volume, steam, 938. 
Specifications, typical boiler, 914. 

piping for central station, 922. 
Speed, economy of increasing, 398. 

measurements of, 844. 

Spider system of piping, 741. 
Splash lubrication, 799. 
Spontaneous combustion, 262. 
Spray fountain, 551. 

Stability, brick chimneys, 330. 
steel chimneys, 323. 
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Stacks {see Chimneys). 

Standby losses in boilers, 108. 

Station load factor, 865. 

Steam, boilers (see Boilers, steam), 
calorimeters, 854. 
condensers (see Condensers), 
consumption of engines, 377. 
pumps, 637. 
turbines, 486. 
domes on boilers, 122. 
electric power plants, power cost, 
engines (see Engines, steam), 
flow in pipes, 750. 
through divergent nozzles, 438. 
nozzles, 439. 
orifices, 439. 
gages, 836. 
jet blower, 343-345. 
jet conveyor, 281. 
jets, 281, 343. 
loop, 703. 
mains, 739. 
piping, 706. 

properties of saturated and superheated 
936-953. 
entropy, 942. 
heat of liquid, 939. 
latent heat, 939. 

Mollier diagram, 953. 
notations, 936. 
quality, 937. 
specific heats, 941. 
standard units, 936. 
tables, saturated, 945. 

superheated, 950. 
temperature-pressure, 937. 
pumps (see Pumps), 
purifiers, Tracy, 691. 
separators (see Separators), 
traps (see Traps, steam), 
tube heaters, 589. 
turbines (see Turbines, steam). 

Steel chimneys, 317. 
concrete chimneys, 334. 

Stoker drives, 241. 

Stokers, 223-240. , 

chain grates, 226. 
cost of, 902. 

Coxe, 227. 
front feed, 232. 


Stokers, Green, 229. 
hand operated, 223. 

Harrington, 230. 

Illinois, 228. 

Jones, 236. >/ 

mechanical, 224-240. 

Murphy, 235. 

National, 223. 
overfeed, 232. 

Riley, 239. 

Roney, 233. 
side-feed, 234. 

Taylor, 238. 
traveling grate, 226. ' 

Type 237. 
underfeed, 235-243. 

Westinghouse, 239. 

Wilkinson, 233. 

Wetzel, 232. 

Stop valves, 763. 

Storage, coal, 261. 
fuel oil, 261. 

Straight-line depreciation, 879. 

Straw, fuel value, 45. 

Stress-strain diagram (Turneaure and 
Maurer), 337. 

Sub-bituminous coal, 43. 

Sulphur, combustion data, 75. 
in coal, 38. 

in lubricants, determination of, 785. 
in visible smoke, 102. 

Superheat, advantages of, 182. 
economy of, 184. 
limit of, 185. 

Superheated stpam, properties of, 936- 
953. 

Superheaters, 182-205. 

Babcock & Wilcox, 189. 
coefiicient of heat transfer in, 200. 
convection, 186-190. 
duplex, 189. 

Elesco, 100. 

flooding device for, 189. 

Foster, 193. 

heat transmission in, 199. 

Heine, 195. 

high and low pressure, 196. 
independently fired, 187. 
inteicral, 187. 
matedais for, 197. 
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Superheaters, performance of, 202. 
radiant type, 194. 
temperature range of gases in, 200. 
types of, 186. 

Superheating moisture in air, loss due to, 
95. 

surface, matejjials for, 197. 
extent of, 199. 

Superpower plant, 23. 

Superstoker, 241. 

Supports, pipe, 731. 

Surface blow, 175. 

Surface condensers {see Condensers). 
Surface, cooling for condensers, 525. 
heating for boilers, 135. 
economizer, 606-614. 
feed-water heaters, 589. , 
superheaters, 199. 

Suspended boiler setting, 122-128. 

T. 

Tachometers, 845. 

Tail pipe, 511. 

Tanbark, fuel value, 45, 

Tank, blow off, 175. 

returns, 7. 

Taxes, 875. 

Telescopic oiler, 797. 

Telpherage, 276. 

Temperature, combustion, 8f7. 
drop in boilers, 165. 
entropy diagram, 966-999. 
flue gas, forced ratings, 165. 
gradient in economizers, 612. 

in heaters, 591. 
initial, influence of, 136. 
kindling, fuels, 69. 
measurements, 840. 
pressure, steam, 937. 

Temporary hardness, feedwaters, 563. 
Testing instruments, 812-840. 

Tests, air pumps, 675. 
blowers, 362. 
boilers, 152-159. 
coal, 38. 

condensers, 513-541. 
cooling ponds, 552. 
economizers, 615. 
engines, 377-395. 


Tests, fuel-oil boilers, 152. 
burners, 256. 
injectors, 650. 
lubricants, 793. 
pipe coverings, 736. 
pumps, 419. 
separators, 690. 
spray fountain, 552. 
steam jets, 343. 
superheaters, 202. 
turbines, 486-497. 

Thermal eflSciency, engines, 380. 
purification, feedwater, 570. 

Thermo-couple, 840. 

Thermodynamics, elementary, 954-999. 
change of state, adiabatic, 959. 
constant heat content, 958. 
equal pressure, 954. 
equal volume, 956. 
isothermal, 957. 
polytrop' ", 961. 
ideal cycles, 966-999. 

Carnot, 966. 

Clausius, 972. 
conventional diagram, 978. 
logarithmic diagram, 980. 

Rankine, 972. 
rectangular, 978. 
regenerative, 493, 988. 
reheating, 493, 986. 
temperature-entropy, 983. 
properties of steam, 936-953. 
steam turbine, 432. 

Thermometers, 838-843. 
electric resistance, 841. 
expansion, 838-841. 
optical, 842. 
radiation, 843. 
thermo-electric, 838. 

Thermostat. Powers, 767. 

Thickness of fire, 160. 
brick chimney, 325. 
steel chimney plates, 320. 

Throttling calorimeter, 854. 
moisture evaporated by, 958. 
energy loss due to, 958. 

Thrust bearing, 476. 

Total moisture in fuel. 30. 

Towers (cooling), Barnard-Wheeler, 553. 
C. H. Wheeler, 554. 
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Town refuse, 67. 

Traps (steam), 697-702, 
bucket, 698. 

Acme, 698. 
dassification, 697. 
differential, 700. 

JBlinn, 700. 
siphon, 701. 
dump, 698. 

Bimdy, 698. 
expansion, 699. 

Columbia, 699. 

Geipel, 699. 

Sarco, 700. 
silphon, 700. 

Webster, 700. 
float, 697. 

Johns-Manville, 697. 

McDaniel, 697. 
lever, 697. 
location of, 701. 
return, 702. 

Shone ejector, 705. 
types of, 697. 

Traveling coal hoppers, 293. 
grates, 226. 

Triple-expansion engines, 419. 

Triplex pumps, 644. 

Try cocks, 173. 

Tube cleaners, 177, 

Turbine pumps, 662. 

Turbine tube cleaners, 177. 

Turbines (steam), 429-600. 
advantages of, 490. 

AUis-Chalmers, 467-470. 
blade lashing, 469. 
general assembly, 468. 
piston packing, 469. 
spindle gland, 470. 
ble^er, 482. 

bucket friction loss in, 446. 
buckets, velocity diagram, 443, 464, 
470. 

carbon packings for, 461. 
classification of, 430. 
compound cylinder, 472. 
compound pressure^ 464. 
compound velocity, 447. 
cost of, 876. 

Curtis, 464-462. 


Turbines, Curtis, admission valve control, 
469. 

assembly of valve gear, 460. 
carbon packing, 461. 
elementary theory, 432. 
emergency governor, 460-461. 
high-pressure packing, 461. 
hydraulic cylinder, 459. 
main controlling governor, 468. 
nozzle and blade arrangement, 
456. 

performance of, 490-600. 
steam belt area, 466. 

3-stage mechanical drive, 464. 
30,000-kw. single cylinder, 467. 
throttling governor, 464 
velocity diagram, 464. 

De Laval, 436-448. 
multi-velocity-fltage, 448. 
single-stage impulse, 436. 
blade assembly, 436. 
elementary theory, 443. 
nozzle, 436. 

theoretical expanding nozzle, 
436. 

velocity diagram, 443. 
double-flow, 478. 
dummy piston, 469, 474. 
economy of space, 491. 
efficiencies of, 490-600. 
effect of vacuum on, 497. 
effect of superheat on, 492-497. 
elementary theory, 432. 
emergency governors, 461. 
exhaust steam, 479. 
extraction, 482. 
gland pacldng, 461, 470, 474. 
heat cycles, 493, 986. 
high initial pressiue in, 492. 
house, 621. 
impulse, 435-466. 
compound pressure, 461. 
compound velocity, 447. 
design of multi-stage, 464. 
design of single stage, 436. 
nozzle proportions, 438. 
reaction, 472. 

Kerr, 461-463. 
labyrinth packing for, 474. 
low pressure, 479. 
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Turbine, mixed pressure, 4S1. 
multiH9tage, 447, 454. 
oiling systems, 806. 
overbad capacity, 490. 
performance of, 499. 
reaction, 466. 
elementary theory of, 432. 
Westinghouse, 472. 
reduction gears for, 450. 
regenerative cycle, 492. 
reheater cycle, 492. 

Ridgway-Rateau, 452. 
stage velocity, 434. 
steam consumption of, 499. 
superheat in, 492. 

Terry, 449. 

. tests of, 492-499. 
thrust bearing, 476. 

Westinghouse, 450, 472. 
elementary theory, 470. 

1500-kw. assembly, 473. 
high-pressure non-condensing, 472. 
impulse, 450. 
impulse-reaction, 472. 
labyrinth packing, 474. 
mixed pressure, 481. 
oil relay governor, 478. 
performance of low-pressure, 480. 
performance of 60,000-kw., 489. 
single-flow reaction, 466. 

35,000-kw. assembly, 475. 

Turbo air pumps, 669. 

Turf, 43. 

Tumeaure and Maurer, stress diagram, 
337. 

U. 

Ultimate analysis, 28. 

Underfeed stokers, 235. 

Uniflow engines, 197, 410. 

4me8, 423. 

Harrisburgh, 424. 

Mesta, 421. 

Murray, 422. 

Univeisal, 421. 

Unit of evaporation, 146. 

Units, conversion, 1010. 
smoke, 857. 

Universal calorimeter, 855. 

Useful life of power plant apparatus, 878. 


V. 

Vacua, influence of, on engine economy, 
399. 

influence of, on turbine economy, 497. 
Vacuum ash conveyor, 281. 
augmenter, Parsons, 670. 
chambers, 635. 

corrections for standard conditions 
486 

degree of, 505. 
as affected by air, 504. 
as affected by aqueous vapor, 505. 
heaters, 582. 
high condensers, 506. 
pumps (see Pumps, vacuum). 

Valves, angle, 764. 
atmospheric relief, 776. 
automatic stop, 769. 
back pressure, 775. 
blow-off, 771. 
check, 770. 
coal, 295. 

Dean electric control, 766. 

diaphragm, 767. 

disk, 633. 

emergency, 768. 

foot, 776. 

gate, 763. 

globe, 762. 

hydraulically operated, 765. 
non-return, 769. 
pressure regulating, 777. 
pumps, 633. 
reducing, 777. 
remote control, 765. 
safety, 772. 
stop, 763. 

Van Stone joint, 718. 

V-bucket conveyor, 270. 

Vegetable oils, 780. 

Velocity diagrams (see name of apparatus 
in question). 

Venturi meter, 821. 

Vertical tubular boilers, 115. 

Viscosity of oils, 792. 

Visible smoke, loss due to, 101. 

Volatile matter in coal, 27. 

Voliimetric efficiency, 360. 

flow meters, 817. • 

Volute centrifugal pump, 662^ 
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W. 

Wall brackets^ piping, 731. 

Washed coal, 51. 

Waste-heat l^ilersj 134. 
gases, 64. 

Water, alkalinity of, 567. 
analysis, 559. 
columns, 173. 
condensing, 515, 523. 
cooling systems, 549. 
flow of, in pipes, 758. 
friction coefficient in pipes, 760. 
gages, 173. 
hardness of, 563. 
measurements of, 817. 
meters, 817. 
purifying plants, 574. 
rates, prime mover (see name of ap- 
paratus). 


Water, ’screens, 557. 

softening plants, 574. 

Weathering of coal, 41. 

Weighing fuel, 294. 
water, 817. 

Weir measurements, 825. 

Welded pipe flan^, 717. 

Wet air or vacuum pumps, 661-669. 
Willans line, 377. 

Wind pressure, 319. 

Wing-wall furnace, 219. 

Wire drawing, 390. 

Wood, fuel value of, 44. 

Wrought iron pipe, 707. 


Z. 

Zeolite water softener, 578^ 






